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Photoresist is a light sensitive material whose physical and chemical properties
change when exposed to light. Photoresist makes it possible to transfer the image of a
circuit pattern directly onto a substrate. The first part of this work deals with developing a
photo process using AZ 1518 and AZ P4330 positive resists on SiC substrate. The aim
was to determine the optimal spin parameters, softbake time, and exposure time for these
resists matching their thickness. AZ 1518 process was developed for a 1.76 um thickness
and AZ P4330 for 4.3 um thickness. With the parameters obtained the resist had about
5% of difference in thickness across a wafer surface.
The absence of practical wet chemical etching of SiC is the reason for the study of
dry, plasma etching of SiC in this thesis. There is an interest in photoresist as an etch
mask because it is cheap, easy to deposit, pattern and remove. However its ability to
mask etching of materials with high bond strength like SiC is limited. This work

examines its selectivity under various etching parameters and determines the effect of
increase in the RF power on selectivity, SiC etch rate and photoresist etch rate.
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CHAPTER I
INTRODUCTION

SiC Overview
Silicon Carbide (SiC) is known as a wide bandgap semiconductor existing in
many different crystal structures, called polytypes. Hexagonal polytypes have a
hexagonal frame with a carbon atom situated above the center of a triangle of silicon
atoms and underneath a silicon atom belonging to the next layer.

Figure 1.1

The tetragonal bonding of a carbon atom with the four nearest
silicon neighbors.

The distance, a, between neighboring silicon or carbon atoms is approximately
3.08 Å for all polytypes. The carbon atom is positioned at the center of mass of the
tetragonal structure outlined by the four neighboring silicon atoms so that the distance
between the carbon atoms to each of the silicon atoms (marked as C-Si in the figure 1.1)
is the same.

1

2
The different polytypes differ in the height of the unit cell. The difference
between the polytypes is the stacking order between succeeding double layers of carbon
and silicon atoms. Different polytypes of SiC are actually composed of different stacking
sequences of Si-C bilayers (also called Si-C double layers), where each single Si-C
bilayer can be viewed as a planar sheet of silicon atoms coupled with a planar sheet of
carbon atoms. The plane formed by a bilayer sheet of Si and C atoms is known as the
basal plane, while the stacking direction, is defined normal to the to Si-C bilayer plane.
If the first double layer is called the A position, the next layer can be on the B
position or the C position. The different polytypes will be constructed by permutations of
these three positions. For example the 4H-SiC polytype will have a stacking sequence of
ACABAC

Figure 1.2

The stacking sequence of double layers of the three most common
SiC polytypes

There are over 100 polytypes of SiC, however only a few are grown with
reproducible properties of sufficient electrical quality to realize advantageous devices and
circuits. In figure 1.2 the stacking sequence for the three most common polytypes 3C-
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SiC, 4H-SiC and 6H-SiC are shown. 3C-SiC also known as β-SiC has a cubic crystal
lattice structure. The non-cubic polytypes, 4H-SiC and 6H-SiC have a hexagonal crystal
symmetry. The 4H have 1/2 cubic and 1/2 hexagonal structure while the 6H is 2/3
hexagonal and 1/3 cubic. 6H-SiC has the most developed growth technology because of
its extensive use as a substrate for GaN blue LEDs. 6H-SiC is a preferred substrate for
the GaN LED because of the close lattice match between SiC and GaN. 4H-SiC is
preferred for power electronic applications such as Schottky diodes because of its higher
mobility, which in turn gives higher conductivity [2]. All other polytypes contain
mixtures of hexagonal and cubic bonded layers.
The electrical properties of these polytypes are compared to silicon and GaAs in
table 1.1 [3].
Properties

Si

GaAs

6H-SiC

4H-SiC

3C-SiC

Bandgap (eV)

1.1

1.42

3.0

3.2

2.3

Breakdown Field @

0.6

0.6

3.2

3

> 1.5

1100

6000

370

800

750

107

107

2 x 107

2 x 107

2.5 x 107

1.5

0.5

4.9

4.9

5.0

420

320

90

115

40

12

6

3

3

None

1017 cm-3 (MV/cm)
Electron Mobility @
1016 cm-3 (cm2/V-s)
Saturated Electron
Drift Velocity (cm/s)
Thermal Conductivity
(W/cm-K)
Hole Mobility @ 1016
cm-3 (cm2/V-s)
2002 Commercial
Wafers,
Table 1.1

Comparison of selected semiconductor room temperature physical
properties
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As can be seen from the table SiC has a higher breakdown field (about 5 times
that of silicon), wider bandgap energy (about two times that of silicon), higher carrier
saturation velocity (about 2 times that of silicon) and a higher thermal conductivity
(about 3 times that of silicon). These properties enable SiC to function under hightemperature, high-power and high frequency conditions. The wide bandgap energy and
low intrinsic carrier concentration of SiC allow SiC to maintain semiconductor behavior
at much higher temperatures than silicon thus allowing SiC devices to operate under high
temperature and high radiation conditions. The high breakdown field and high thermal
conductivity of SiC coupled with high operational junction temperatures allow for
extremely high power densities and efficiencies to be realized in SiC devices. There is a
significant energy loss in silicon high-power systems circuits, like hard-switching motor
drive due to semiconductor switching energy loss. Switching energy loss is a function of
the turn-off time of the semiconductor switching device, defined as the time lapse
between when a turnoff bias is applied to the time that the device actually cuts off current
flow. The faster a device turns off, the smaller its energy loss in a power circuit. SiCs
high breakdown field and wide energy bandgap enables faster switching than is possible
in a comparable silicon power-switching device. Hence SiC based power converters can
operate at higher switching frequencies with greater efficiency (i.e., less switching energy
loss). Higher switching frequencies in power converters allow use of smaller
components, which in turn reduces the overall system size and weight. Also SiCs high
breakdown voltage and high thermal conductivity coupled with higher carrier saturation
velocity allow SiC microwave devices to operate at higher frequencies than their silicon
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or GaAs RF components [4]. These advantages lead to higher performance gains in spite
of the low carrier mobility disadvantage.
SiCs ability to operate at high junction temperatures along with high thermal
conductivity allows for efficient cooling to take place because heat energy radiation
efficiency increases with increasing temperature difference between the device and
cooling ambient. This allows for cooling requirements to be made much smaller or even
eliminated.
One of the disadvantages of SiC wafers is the presence of micropipe defects.
These defects, which are present in densities of a few hundred per square centimeter [3],
lead to junction breakdown at electric fields well below the critical field. SiCs immature
crystal growth and device fabrication technologies restrict their use in electronic systems.
SiC devices have been fabricated using limited knowledge of fabrication techniques such
as contact metallization, ion implantation, surface passivation, oxidation and etching.
Also when unpackaged devices are operated at temperatures exceeding 600° C, chemical
degradation of the contact metallizations restricts the functional lifetime to less than a
few hours [3]. Hence processing techniques such as reliable interconnection, passivation
and packaging technologies need to be developed in order for SiC devices to truly operate
under high temperature condition. The availability and lack of SiC wafers with good
reproducible electrical properties are further restricting their use in devices and circuits.
Finally their upper frequency operation is restricted to X band because of low field
mobility.
SiC devices find application in sensors, electric motor drives, communication
electronics, automobile engines, and aviation electronics. SiC is also physically rugged
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and chemically inert which is an advantage for semiconductor devices required operating
in harsh environments such as satellite components and radars. Its properties such as low
weight, high strength, extreme hardness, inertness, wear resistance and corrosion
resistance enable it to be used in bio implants and artificial heart valves.

Fundamentals of Photolithography
The actual fabrication process is comprised of several sequential steps, each of which
may be repeated any number of times. Each of these steps adds a single layer to the
circuit.
•

Deposit a thin film on the surface of the wafer

•

Photolithography

•

Etching

•

Lift off

Photolithography is the process by which a pattern is transferred from a mask or
reticle to the wafer surface. The transfer of pattern onto the surface of the wafer is made
possible by the application of a photosensitive film called photoresist. Before the
application of the resist, the wafer surface is cleaned to improve the resist adhesion to the
wafer surface. The wafer is cleaned using a standard chemical clean that includes an
acetone and IPA immersion followed by a dehydration bake at 150-200°C for 1-5 min.
This is done to drive off the adsorbed water on the surface of the wafer. Following the
cleaning process the wafer is primed using hexamethyldisilazane (HMDS), which acts as
an adhesion promoter by creating a moisture free surface.
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The next step is to coat the wafer with the photoresist. The most common
application method is spin coating. The wafer is mounted on a vacuum chuck and the
resist is either dispensed statically or dynamically. The chuck is accelerated at a predetermined rate up to the maximum rotational speed. The acceleration speed is crucial to
obtaining a good uniformity since the solvents begin evaporating from the resist as soon
as it is dispensed. Resist thickness and thickness uniformity are critical parameters in
developing a good photolithography process. Thickness is not a function of the dispense
amount. The thickness of the resist is primarily determined by its viscosity and the spin
speed. Higher viscosities and slower spin speeds will produce thicker layers of
photoresist [5].
After the spin process the wafers undergo a softbake typically at 100-150°C for 12 min on a hot plate to drive off most of the solvent in the resist and to establish the
exposure characteristics. Shorter softbake times or temperatures increase the dissolution
rate in the developer leading to higher sensitivity but lower contrast. The parameters for
the softbake are determined through a trial and error method [5].
The next step is exposure, to transfer the image of the mask or the reticle to the
surface of a resist-coated wafer. This step is the most critical and expensive step. It
accounts for one third of the price of an entire fabrication process. This step is critical
because of strict requirements of resolution and registration. Another reason for this step
to be critical is throughput, since this is the only step in the process where wafers must be
processed individually. UV light is typically used as the source of illumination, although
there are several other methods available [6].
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The next step is to develop the exposed pattern by immersing the wafer in an
alkaline solution. In immersion developing, the solution is changed periodically after a
certain number of wafers have been processed. The develop process is very temperature
sensitive. The develop temperature must be controlled to better than ±1°C. The develop
process affects the resist contrast and therefore the resist profiles [6]. High temperature
bakes must be done after the develop cycle to harden the resist against further processing
[5]. A typical process flow is shown in figure 1.3.
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Dehydration bake

Adhesion promoter application*

Resist application

Softbake

Exposure

Post exposure bake*

Develop cycle

Hardbake

Figure 1.3

Typical process flow in photolithography. * Optional Steps
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Photoresist is a light sensitive substance whose physical and chemical properties
change when exposed to light. There are two types of resist used in photolithography:
•

Positive and

•

Negative

The resist are named according to the image formed on the wafer. If the image is
same as that on the mask or the reticle its a positive resist, if the image formed is
inverted then its a negative resist. Both positive and negative resist are made of a solvent
base, which allows the resist to be applied in the liquid form, a solid photoactive
compound (PAC), and sensitizers to modify the spectral response of the resist. In positive
resist, the exposed areas of the resist are washed away. In case of negative resist, the
exposed areas are polymerized and become hard. The unexposed resist is not changed
chemically and is simply rinsed away during the development step. The minimum
geometries produced on the wafer using a negative resist are limited to three microns or
larger due to swelling of the resist that occurs in the developer. Positive processes
produce minimum geometries of 0.35 micron or smaller.

Figure 1.4

Schematic representation of positive and negative resist process
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The two primary quality issues involved in photolithography are Critical
Dimensions (CDs) and registration (alignment)
CDs are small feature sizes produced on the wafer surface, critical to the
operation of the circuit and are an indication of process quality. It refers to the smallest
feature geometries or linewidths of a device. It is important to have uniform CDs across
the wafer. Registration also known as pattern alignment or overlay accuracy is the ability
to accurately overlay the image of a mask or reticle onto a patterned wafer. In the case of
multiplayer pattern, it is the average of overlay accuracy from layer to layer. These two
quality issues determine the quality of the photo process to a large extent [6].
In order to obtain proper registration and precise CDs, three other issues must be
considered.
1. Resolution is defined as the length of the smallest feature or the distance between two
adjacent features.
2. Depth of focus is the range (in microns) that will be exposed to equal exposure
energy. Both resolution and dept of focus are directly proportional to the wavelength
of the exposure energy.
3. Contrast is a term used to define the change in resist thickness relative to a given
exposure energy. The contrast of any resist has a direct impact on both resolution and
critical dimensions. A higher contrast is preferred.

Introduction to SiC SBD
A Schottky-barrier diode (SBD) is comprised of a semiconductor substrate (such
as silicon or gallium arsenide) with a metal contact (such as nickel, titanium or silver)
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formed on a localized area of one substrate face. An electrostatic barrier exists at the
metal-semiconductor interface, which causes the interface to have rectifying properties.
The SBD is an important solid-state device with a wide range of circuit
applications. Most notable is its use as a fast switching diode since, unlike the PN diode,
the associated minority carrier storage effects are negligible in SBDs with low or
moderate Schottky-barrier heights. Some applications of SBDs are in buffer-FET logic
(BFL), Schottky-diode FET logic (SDFL) and in Schottky power rectifiers [7].
A SiC Schottky diode shown in figure 1.5 is composed of a Schottky metal
contact placed in contact with a lightly doped SiC n-type epilayer. The thick n-type
substrate allows mechanical support as well as area for thermal conduction. Passivation
and edge termination are often included for increased breakdown capability and
reliability factors [8].

Figure 1.5

Cross section of an implant-edge-terminated Schottky barrier diode
in SiC.

Schottky barrier diodes are rectifying metal-semiconductor junctions; their
forward current consists of majority carriers injected from the semiconductor into the
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metal. Consequently, SBD's are majority carrier devices and do not store minority
carriers when forward biased, and the reverse current transient is negligible. This means
that SBDs can be turned off faster than a PN diode, and dissipates negligible power
during switching.
Since the switching speed of a Schottky-barrier diode is very fast and its noise
index extremely low it has been applied to switched power supplies in electronic circuits,
positioning and wave carrier network, calculation gate, mixed frequency and wave
detection network. Examples of application include automation of factory, personal
computers, monitors, printers, hard discs, fax machines, inverters, radios, alarm systems
etc. They have been used in high-frequency detection and mixer applications, and in low
loss rectification applications that exploit their low forward voltage characteristics. Their
high-speed response, strong nonlinear behavior, good mechanical stability, and room
temperature operation make them very attractive in many applications. It has been
estimated from electron transport theory that SBDs can operate at frequencies up to 10
THz [9].
SiC Schottky barrier diodes are especially attractive because the breakdown field
of SiC is about 8 times higher than in Silicon and hence can handle more power. The
required number of diodes can therefore be kept low [10]. By using SiC, devices 20 times
smaller than correspondingly rated Si devices can be realized [11]. Also, because of their
wide bandgap SiC SBDs are capable of much higher temperature and higher voltage
operation than silicon devices. Another advantage of SBDs are that they are relatively
easier to fabricate [11].
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Fabrication of SBDs
The photo process was developed at the Mississippi Center for Advanced
Semiconductor Prototyping (MCASP) while fabricating Schottky-barrier diodes on 4HSiC, which were part of lot-2 and lot-3. Lot 2 had 18 research grade wafers from Cree,
Inc. whereas Lot 3 had 3-production grade, 2 research grade wafers from Cree, Inc. and
one wafer from Sterling. An n-type epitaxial layer using silane propane and hydrogen
was grown at 1600oC using cold wall chemical vapor deposition (CVD) [11]. The
thickness of the resultant epilayer ranged between 4  10 µm determined by CV
measurements and the net carrier concentration was on the order of 5E15 cm-3. 1000 Å
of Nickel (Ni) was used for backside ohmic contact. 800Å of Titanium (Ti) was
evaporated using an e-beam for Schottky contacts. 1mm square shaped (with rounded
corners to reduce the field crowding effect) Schottky contacts were used, including space
on each side for two types of edge terminations. The first edge termination consisted of a
selective ring etch and Ar+ damage implant for half of the devices on the wafer. The
other termination was a field plate of an overlap over the oxide for the second half of the
devices on the wafer. Cross sections of the two SBDs are shown in figures 1.6 and 1.7
below.

Figure 1.6

Cross section of SBD with Argon implant edge termination [11].
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Figure 1.7

Cross section of SBD with field plate overlap edge termination
[11].

The actual devices fabricated using the photo process developed is shown below in
figures 1.8 and 1.9.

Figure 1.8

SiC SBD fabricated at MCASP with argon implant edge
termination.

Figure 1.9

SiC SBD fabricated at MCASP with field plate overlap edge
termination.
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SBDs on SiC
SBDs fabricated on SiC have smaller die sizes. Also the critical field of SiC is
higher than that of silicon, hence for a given breakdown voltage, a much thinner drift
region can be fabricated resulting in a decrease in on-resistance. A graph of breakdown
voltage versus on-resistance for silicon, SiC and GaAs is shown in figure 1.10 below [8].

Figure 1.10

Device on-resistance versus ideal breakdown voltage for prevalent
power device semiconductor materials [8].

These advantages make SiC an overwhelming choice for fabrication of
power devices like Schottky-barrier diodes.

Thesis Scope and Organization
The Mississippi Center for Advanced Semiconductor Prototyping (MCASP) is
currently designing and fabricating Schottky-barrier diodes expected to perform in high
power applications. . The devices were fabricated using 10 µm thick n-type epilayers
with an intended doping density of 5 x 1015 cm-3. Ti Schottky contacts were patterned
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using a metal lift-off process. Ni ohmic contacts with Argon implant terminations on one
half of the wafer and field plate terminations on the other half were used for 1mm2
devices. The goals of these devices were to accommodate a reverse bias breakdown of
600-800V at a leakage of less than 50uA. In addition, a forward bias current of 1A with a
voltage drop of less than 2.5V is required [11].
This thesis will detail the photo process developed for these SiC Shottky-barrier
diode fabrications using the positive resists AZ 1518 and AZ P4330 from Clariant. The
diodes were fabricated using a six-layer mask. The first five layers were fabricated using
the thinner AZ 1518 resist and the final metal mask was accomplished using the thicker
AZ P4330 resist. Two separate standard processes were developed for these resists to
achieve a thickness of 1.7µm for AZ 1518 and a thickness of 4.3µm for AZ P4330. This
thesis will also detail and present the results for use of AZ 1518 resist as a SiC dry etch
mask.
This work is divided into two main sections. First, Chapter two will discuss the
photo process development for two resists and a brief discussion on the equipments used.
It will also report the process parameters determined for each resist. Chapter three will
introduce the etch process to the reader by briefly explaining the associated terms like
selectivity. It will also explain the process and the results obtained with a conclusion
containing SEMs.

CHAPTER II
PHOTO PROCESS DEVELOPMENT ON SiC

Introduction

Figure 2.1

The entire chip making process

Photolithography is the most commonly used method for transferring images from
a mask or a reticle onto a wafer, covered with an imagable photoresist layer in the IC
industry today [41].
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The word lithography derived its name from, Greek for the words stone [lithos]
and to write [gráphein]. One of the first experiments known in lithography or image
transfer is that of Aloys Senefelder in 1796. Senefelder found that the Bavarian limestone
when properly inked and treated with certain chemicals had the capability of transferring
a carved image onto paper. When the stone was treated with chemicals, image and nonimage areas became oil receptive (water-repellant) and oil-repellant (water-receptive),
respectively, attracting ink onto the image area and attracting water on non-image areas
[17].
Another known experiment was that of Nicéphore Niépce experiments with
various resins in sunlight. Nicéphore Niépce managed to copy an etched print on oiled
paper by placing it over a glass plate coated with bitumen dissolved in lavender oil. After
a couple of hours of being exposed to sunlight, the exposed areas in the bitumen became
hard compared to the shaded areas which remained soluble and could be easily washed
away with a mixture of chemicals. This represents the earliest known example of pattern
transfer by photolithography. This process introduced the concept of photography and
later that of photomasking followed by chemical processing lead to photolithography,
which is now used extensively in fabrication of integrated circuits [16].
Photolithography is a binary pattern transfer, there is no gray-scale or color to the
image. Its essentially a two dimensional process and has limited tolerance for non-planar
topography. This creates a major constraint for creating complex microstructures with
extreme topographies. Advances made in photolithography have helped in resolving
smaller and smaller features.
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The first photolithography operation is to prepare the substrate surface using a
cleaning process to remove contaminants. This is followed by the application of
photosensitive material called resist on the surface of the wafer. The wafer is then baked
to harden the resist and improve its adhesion to the wafer before being sent to an aligner
or stepper for exposure. In the case of a stepper, a reticle, which is a template containing
the pattern for only a few chips is placed on the wafer and exposed to UV light. The
alignment and exposure processes, which constitute a step, are repeated until the entire
wafer is exposed. Each layer requires a different reticle specifically designed for that
layers device characteristics. The wafer is then developed; where either the exposed or
the unexposed resist is removed using a special solvent depending on the type of resist
used. After this it goes through a final bake to ensure that the resist adheres to the wafer
[18]. A typical process flow is shown in figure 2.2.

Epitaxy

Thin Films

Priming

Surface
Preparation

Resist
Application

Photolithography

Softbake

Expose

Inspection and Testing

Figure 2.2

A typical photolithography process

Develop

Hardbake
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Photolithography
Surface Preparation
Introduction
This is the most important step in the photolithography process and the success of
lithography depends to a large extent on its effectiveness. Before priming, the wafer must
be thoroughly cleaned and free of contaminants and undesirable films. The extent to
which the resist adheres to the wafer is a function of the cleanliness. The cleaner a wafer
surface is the better adhesion it will have to resists. Good adhesion is necessary in order
to reduce the possibility of resist lifting or undercutting during the etch process. Table
2.1, lists some common sources of contaminants [17].
The importance of surface preparation can be better understood by understanding
the terms hydrophilic and hydrophobic. Hydrophilic substances attract and may mix with
water. Where as hydrophobic substances repel water and do not mix with it. In the case of
wafer cleaning, the surface should be hydrophobic, that is there should be little, or no
water content on the wafer surface [6]. Cleaning depends on finding a cleaning agent
with greater affinity to contaminants than the surface being cleaned.
Wafer contaminant can be broadly classified as:
•

Particulates

•

Organic residues

•

Inorganic residues

•

Unwanted oxide layers
Different cleaning methods can be used either independently or in combination

with other to effectively clean a wafer surface. In general immersion systems can be used
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to remove all four types of contaminants. High pressure spraying and ultrasonics or
megasonics can be used to remove particulates. Acids, vapor phase cleaning and dry
cleaning methods are often used to remove residues and unwanted oxide layers.
One of the most common and effective cleaning methods for silicon and SiC is the RCA
clean developed by Dr. Werner Kern [20] in the early seventies. It is used to remove both
organic and inorganic contaminants from the wafer surface and has been used as a
general clean for integrated circuit manufacturing for a long time. Many variations of the
RCA cleaning process exist and the name is used generally to identify any cleaning
process involving an acidic or basic solution used with hydrogen peroxide.
The RCA cleaning process is a mixture of aqueous ammonia and hydrogen
peroxide called a standard clean-1 (SC-1), followed by a mixture of hydrochloric acid
and hydrogen peroxide called standard clean-2 (SC-2) [19]. A typical sequence is
SC1/DI rinse/SC2/DI rinse. The RCA clean continues to be used with a reduction in
temperature and concentration that makes it less damaging to the ever-reducing features
in modern semiconductor device structures [19].
Particulates
One of the major causes of yield loss in semiconductor manufacturing is
particulate contamination. Contaminant particles on the surface of the wafer can locally
mask lithographic, implant or etch steps, cause shorts or opens, and degrade oxide
integrity [19]. Particles with dimensions even a fraction of the smallest feature size can
effect the wafer yield and device functioning. The critical size of a contaminant has
historically been considered to be anywhere from 1/2 to 1/10 the minimum feature size
[21]. The allowable contamination particle size in IC manufacturing is decreasing with
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the ever-decreasing feature size. For example, with a 64-kilobyte dynamic memory chip
(DRAM) one can tolerate 0.25µm particles but for a 4-Megabyte DRAM one can only
tolerate 0.05µm particles [17].
In a liquid the adhesion of a particulate to the wafer surface is dominated by van
der Waals forces [22]. The van der Waals forces must be overcome in order for a particle
to be removed from a wafer surface. This force is directly proportional to the particle size
and decreases linearly with it [19].
Particle removal is often accomplished by using SC-1 usually with the addition of
sonic energy (ultrasonics/megasonics) to the solution. The mechanisms that contribute to
the particle removal are chemical undercutting of particles, electrophoretic effects and
megasonic effects [17].
A. Chemical Undercutting: Particulates adhered to a wafer surface can be undercut by
slight etching of the surface below them. In case of a silicon wafer, an SC-1 solution will
simultaneously oxidize silicon to form SiO2 and etch SiO2, resulting in the gradual
consumption or undercutting of silicon
B. Electrophoretic effects: The movement of particles in a fluid due to charge effects is
called electrophoretic effects. Solid materials, such as particulates in electrolytic media
acquire a charge through the adsorption of ions from the solution, or due to dissociation
or ionization of surface groups. The zeta potential determines the nature of
electrophoretic motion of a particle in a liquid and how it will interact with other surfaces
in the liquid. For example, if the zeta potential of a particle and the wafer surface are of
opposite signs, the particle will be attracted to the wafer surface on the other hand if the
zeta potentials are of the same sign, the particle will be repelled from the wafer surface.

24
According to [19], the zeta potentials reach a large negative value at high pH, because of
the release of H+ ions in the solution. This means that the particle will be repelled from
the negatively charged oxidized (hydrophilic) silicon wafer surface in highly basic
solutions. This electrical repulsion of particles from the wafers at high pH contributes to
the effectiveness of SC-1 solutions (with pH 9-10, depending on concentration) for
particle removal.
C. Ultrasonics/Megasonics: Ultrasonic cleaners use ultrasonic waves to break particles
free from the wafer surface. Ultrasonic cleaners operate at mild temperatures and in the
40 kHz range. These are effective on large particles and can penetrate small feature sizes
to remove tightly bonded contaminants. With ultrasonic cleaning there is no risk of
scratching the surface.
Megasonic cleaners use high frequency waves (700-1200 kHz) to generate highpressure waves. These high-pressure waves are very effective at breaking the surface
tension of small particles. Megasonics have the ability to remove submicron
contaminants and are used to clean features such as vias and trenches.
Residues
SC-1 is predominantly an organic clean. Hydrocarbons are oxidized by hydrogen
peroxide to form carboxylic species like alcohols, aldehydes and carboxylic acids. The
presence of aqueous ammonia in SC-1 helps to solvate carboxylic acids. In SC-2,
hydrochloric acid increases the oxidizing strength of the hydrogen peroxide by increasing
the concentration of the reactant hydrogen ion and also acts as a complexing anion to
increase the solubility of contaminant metals in SC-2 solution [19].
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Inorganic residues are solvated as ions. Metallic impurities are present on the
wafer surface as elements and must undergo oxidation before they can be dissolved into
the solution as metallic ions. Non-noble metals may be oxidized by the hydrogen present
in water or SC-2 solution, where as noble metals require the presence of a stronger
oxidizer in order to be converted into an ionic state [19].
Oxide Layers
The most common and prevalent method of removing silicon oxides is by etching
using hydrofluoric acid. Silicon dioxide becomes soluble by converting to silicon
hexafluoride ion (SiF6-2) by hydrofluoric acid. This reaction is shown below [19]:
SiF6-2 +2H2O

SiO2 + 4H+ + 6F-

Buffered HF (BHF) is a mixture of ammonium fluoride and hydrofluoric acid.
BHF is used when films such as photoresist that can be damaged when a highly acidic
solution is present on the wafer surface. Manipulation of the concentrations allows to
achieve practical etch rates while maintaining acceptable levels of acidity. BHFs are also
used when large amount of oxide must be etched [19].
Priming
Introduction
One of the major concerns of photolithography is the adhesion of resist to the
wafer surface. After the cleaning process and before application of resist, the wafer
surface must be thoroughly dried and any remaining water or moisture must be removed.
This can be accomplished in two ways, one by dehydration bake or two by the
application of a solvent to the wafer surface which will repel the moisture from the
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surface and leave an organic layer of film that enhances adhesion of the resist, called
priming.
At the end of a cleaning process, the wafer is dried using dry nitrogen and a
dehydration bake is done in order to evaporate any moisture that may have been attracted
to the wafer surface. Priming is usually done in conjunction with the dehydration bake.
Priming is an optional step and is very process dependent, for example priming is not
required when using a negative resist. Also care must be taken that the wafer is not
exposed for a long time to the environment between the cleaning process and the priming
and between the priming and resist application. This is to avoid re-deposition of
contaminants on the wafer surface prior to resist application.
Priming not only helps in resist adhesion during the spin coat process but also
decreases the likelihood of features lifting during develop cycle.
There are many different types of primers available like; trichlorophenylsilane
(TCPS), bistrimethylsilylacetimide (BSA), monozoline C., trichlorobenzene, and xylene,
but hexamethyldisilazane (HMDS) is by far the most popular. Primers such as HMDS
react with the wafer oxide surfaces to tie up dangling silicon bonds and keep them from
bonding from with water molecules. The moisture or water molecules are then
evaporated away during the dehydration bake. HMDS can either be used alone or with
small (2-10%) amounts of xylene. The type of surface, clean room environment, and
process determines the exact mixture. Figure 2.3, details the priming process in terms of
bonds. The wafer surface after priming contains -CH3 groups, which are organic, and
photoresist also being organic in nature can attach to this group [6].
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Methods of Application
A. Immersion method: Immersion priming can be done in batches by immersing wafer
carriers into tanks filled with HMDS. The advantages of this method are, process control,
and the ability to control the HMDS temperature. However the disadvantage is that the
wafers are exposed to possible contaminants in the HMDS.
B. Spin Priming: In the case of spin priming the primer is applied while the wafer is on
the resist spinner chuck as shown in figure 2.4. The dispensing of the HMDS can be
manual or automatic. Automatic spinners have two dispense systems, one for the primer
and another for the resist. The primer is applied just prior to the application of the resist.
After the primer has been dispensed the wafer is rotated at a high speed to uniformly coat
the wafer surface with the primer and also to dry it. One of the major advantages of this
system is that the resist is applied immediately after the application of the primer and the
wafer is not exposed to the environment [23].
C. Vapor Priming: In both the previous methods, HMDS in the liquid form is applied on
the wafer surface. The possibility of contamination from the liquid increases, whenever a
wafer is in contact with a liquid. Also HMDS must be dry before the resist is applied.
Wet HMDS dissolves the bottom layer of the resist and interferes with the exposure,
developing and the etching process. Lastly, HMDS is relatively expensive and a lot of
HMDS is wasted in both immersion and spin coat process [6].
These disadvantages are overcome by using vapor prime systems. Vapor priming
can either be performed at atmospheric pressure or in vacuum. Vapor priming is done in
conjunction with dehydration bake. The dehydration is done in the range of 200°C to
250°C or 2-5 minutes. The pressure in the chamber is then lowered and stabilized.
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HMDS vapors are introduced into the chamber from a canister containing HMDS, as
shown in figure 2.5. After the wafers are exposed, the HMDS supply is cut off and the
wafer is transferred out of the chamber to the resist application area [6].
Resist Application
Resist
Introduction
The purpose of this step is the application of a thin, uniform, defect free
photosensitive film on the wafer surface. A typical resist layer varies from 0.5 µm to 4.5
µm in thickness and has a uniformity of plus or minus 0.01 µm. This variation is 1% of a
1.0 µm thick photoresist.
Resist materials can be classified as positive or negative based on their radiation
response as described in chapter 1. In case of a negative resist, the areas of the resist on
the wafer exposed to UV light change from a soluble state to an insoluble state. This
process is called polymerization. The resulting pattern on the wafer is opposite to that on
the mask or reticle. In case of a positive resist, the area exposed to the UV light is washed
away in the developer solution. This process is known as solubilization and results in a
pattern that is the same as on the mask or the reticle.
Both these resist types are further classified based on their composition as onecomponent systems and two-component systems. One-component systems are polymers
that combine radiochemical reactivity with etch resistance and film forming capabilities.
In two component systems, the resist is formulated from an inert matrix resin, which
serves only as a binder and film-forming material, and a sensitizer molecule that, is
monomeric in nature and undergoes radiochemical transformations responsible for the
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images. Examples of two-component resist include Shipleys Microposit, AZ etc. These
contain a phenolic resin matrix material and a diazonaphthoquinone sensitizer. The
matrix material is inert to photochemistry and is used for its film-forming, adhesion,
chemical, and thermal resistance characteristics. The chemical reaction between the
developer solution and the resist to form the image occurs in the sensitizer molecule, in
this case diazonaphthoquinone. PMMA or polymethyl methacrylate is an example of a
one-component resist. It is a single homogenous material with both, the properties of a
matrix material like film-forming capabilities, adhesion, and resistance to chemical
etchants and that of a sensitizer [24].
Kodaks KTFR, Mercks Selectilux N and Hunts HNR are examples of twocomponent negative photoresist. These contain a cyclized synthetic rubber matrix resin,
which is radiation insensitive but forms excellent films. This resin is combined with a
bis-arylazide sensitizer. COP is an example of a one-component negative resist. It has
excellent film-forming characteristics, resistance to etchants, and intrinsic radiation
sensitivity [24].
Intrinsic Sensitivity
The intrinsic sensitivity refers to the resists response to radiation. The spectral
response curve of a resist is an indication of the intrinsic sensitivity of a resist to a certain
wavelength. If the resist strongly absorbs in the ranges where the radiation source shows
strong emission lines, relatively short exposure times can be expected. If a resist is too
sensitive, it will have a relatively short shelf life however, it should be insensitive to the
yellow light inside a clean room [17].
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To increase the photolithography resolution, shorter and shorter wavelengths must
be used. At these wavelengths, exposure sources become less bright and optics absorb
more. Since the total energy incident on a resist is a function of the light source intensity,
time and absorption efficiency of the exposure optics, a decrease in intensity, and an
increase in light absorption require compensation through longer exposure times. This
results in a smaller throughput of wafers per hour, however in case of a more sensitive
resist, the exposure time decreases resulting in a higher throughput. Hence, it is desired
that a resist have high intrinsic sensitivity [17].
The intrinsic sensitivity or photochemical quantum efficiency (Φ) of a resist is
defined as the number of photo-induced events divided by the number of photons
required to accomplish that number of events
Φ = Number of photo-induced events / Number of photons absorbed

..(2.1)

In the case of two-component resists, Φ corresponds to the number of molecules
of sensitizer converted to photo product divided by the number of absorbed photons
required to accomplish that conversion. For one-component resist, a G value is
introduced. The G-value corresponds with the number of cross-links produced per 100
eV of absorbed energy and ranges from 0.1 for polyethylene to approximately 10 for
polymers containing oxirane groups in their side chains [17].
For two-component positive resists such as DNQ, Φ ranges from 0.2 to 0.3, as
compared to 0.002 for PMMA. Because of the high opacity of novolak resins in the deep
UV (200 to 300 nm) region, other resists like PMMA are used for shorter wavelength
exposures (DUV, X-ray lithographies). The quantum efficiency of the bis-arylazide
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sensitizers in negative resist systems ranges from 0.5 to 1, making negative resists more
sensitive than positive resists [17].
Resist Profile
In a UV light exposure, not all photons strike the resist film in an orthogonal
fashion. Scattering at the substrate/resist interface causes a broadening of the exposed
region. Scattered radiation profiles for positive and negative resists are shown in figure
2.6. Figure 2.7 shows the comparison of photoresist profiles. The scattered radiation
profile for a positive resist, depending on the development process can lead to a lip or an
overcut in case of a fast developer with R/Ro > 10 or to a straight resist profile with a
quenched developer with R/Ro > 5. R is defined as the development rate of the exposed
region and Ro is defined as the development as the development rate of the unexposed
region. In case of a positive resist and a quenched developer, the removal of the laterally
exposed region has been inhibited and one obtains a perfect pattern transfer of the mask
features into the resist. If R/Ro < 5, the resist profile is undercut and the entire resist layer
recedes and thins. The creation of a lip or overcut can be taken advantage of in lift-off
processes [17].
Development of a positive resist is very time dependent. This enables resist
profiles to be tailored according to the process. For a negative resist, the exterior
scattering zone becomes insoluble and apart from swelling, is independent of
development time. The swelling in negative resists is one of the reasons these are limited
to manufacture of devices with minimum feature sizes > 3 µm. Scattered radiation and
swelling cause a broadening of the resist features. Positive resists do not exhibit this
swelling because of a different develop mechanism [17].
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The Chemistry
Negative resists include Kodaks KTFR and Hunts NMR. These contain a
cyclized synthetic rubber matrix resin combined with a bis-arylazide sensitizer. The
matrix resin material is natural rubber or synthetic isoprene based polymers. Figure 2.8
shows the basic structure of cis-polyisoprene [23]. These materials exhibit good adhesion
and etch resistance needed in semiconductor processing. The molecular weight of the
polyisoprene is carefully controlled and it is treated with a number of reagents, which
result in cyclization of the polymer to produce a material with greater structural integrity
than its precursor. It also has enhanced adhesion and improved etch resistance. Figure
2.9, shows the cyclic structure [25]. These cyclized rubber matrix materials are extremely
soluble in non-polar organic solvents. When mixed with solvents such as toluene or
xylene they enable the resulting solution to be spin coated and form a thin uniform film
that adheres to most substrate materials. Polyisoprene is also mixed with a photoinitiator
to increase its photosensitivity to UV light. The photinitiators are a class of molecules
that are generically bis-arylazides. A typical photoinitiator is diaryl diazide, with
structure shown in figure 2.10. The bis-arylazides are synthesized by condensation of
para-aziobenzaldehyde with a substituted cyclohexanone. The absorption spectrum of a
typical bis-arylazides is shown in figure 2.11. The spectral sensitivity ranges from
approximately 300nm to 400 nm, with the peak sensitivity occurring around 360 nm [24]
[25].
The primary photochemical event is the formation of nitrogen from the excited
state of the arylazide to form an extremely reactive intermediate called a nitrene. Nitrene
undergoes several reactions to form more stable structures and in some instances
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generation of polymer-polymer linkage, or crosslink. The nitrene reactions include,
nitrene-nitrene coupling to form azo dyes, insertion of the nitrene into the carbonhydrogen bonds to form amines, abstraction of hydrogen from the rubber to form an
amine radical and a carbon radical which subsequently undergo coupling reactions, and
finally insertion of the nitrene into the double bond of the cyclized rubber polymer to
form three-membered, heterocyclic aziridine linkages of significantly higher molecular
weight. The reactions are shown in figure 2.12 [24].
The change in the molecular weight also changes the solubility characteristics of
the polymer. The molecular weight is not exact but is a range as shown in figure 2.13.
Exposure then shifts the molecular weight range of the exposed area into a range with
different solubility characteristics. The molecular weight range is an important factor in
the resolution factor of the resist. If the initial range is broad, a heavy exposure dose is
required to ensure a clear difference between the exposed and unexposed regions. A
narrow molecular weight range will increase the exposure precision [25].
Positive resists are more common in semiconductor fabrication because they offer
thermal stability, higher resolution and greater resistance to the dry etching environment.
As described earlier, positive acting photoresist are based on a novolac matrix resin and a
diazoquinone photoactive compound or sensitizer. Figure 2.14, shows the functioning of
diazoquinone/novolac materials in positive photoresists [24].
In positive resists, the matrix material is a copolymer of a phenol and
formaldehyde. The generic term used to describe this class of polymers is novolac [23].
Novolac resins are soluble in aqueous base solutions because of the acidic character of
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their phenolic functionality. The novolac resins that are used in resist formulations have
low molecular weights [24].
The photoactive compounds or sensitizers used in the formulation of positive
photoresists are substituted diazonaphthoquinones, shown in figure 2.14. The substituent,
marked, as R in figure 2.14 is an aryl sulfonate. The nature of the substituent influences
the solubility characteristics of the sensitizer molecule and also influences the absorption
characteristics. Upon exposure to light, diazonaphthoquinone sulfonates, undergo a series
of reactions that culminate in the formation of an indene carboxylic acid as shown in
figure 2.14. The photoproduct, unlike its precursor, is extremely soluble in aqueous base
because of the carboxylic acid functionality [24].
Positive photoresist formulations consist of a novolac resin and an appropriate
diazonaphthoquinone dissolved in organic solvent. Some common solvents include: ethyl
cellosolve acetate, etc. these formulation are spin coated and then baked to remove the
coating solvent [24].
The sensitizer molecule acts as a dissolution inhibiter for aqueous base
development of the novolac resin. Exposure of the sensitized films to light results in
conversion of the inhibitor into the base-soluble, acidic photoproduct that increases the
dissolution rate of the novolac matrix in the regions where the exposure has occurred
[24].
The sequence of reactions that occur upon exposure of diazonaphthoquinones to
UV light is shown in figure 2.15. Absorption of a photon by the naphthaquinone
chromophore generates an excited state, which, with a quantum efficiency of
approximately 0.2, undergoes evaluation of nitrogen to form an extremely reactive
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intermediate called a carbene. The carbene intermediate undergoes a sequence of bond
rearrangements, also known as Wolff rearrangement, that culminates in the production of
a more stable but still reactive intermediate called a ketene. The ketene rapidly reacts
with nucleophiles, like water in a properly designed resist system. Under common
humidity conditions, water reacts with reacts with ketene to produce a carboxylic acid,
which is the final functional product of the reactions [24].
The ultraviolet absorption spectrum of a typical diazonaphthoquinone and a
common novolac resin is shown in figure 2.16. The napthoquinone sensitizer has a strong
absorbance at 365 nm., 405 nm. There are two diazonaphthoquinone isomers that are
used in commercial photoresist formulations. The 5-arylsulfonates are by far the most
commonly used. They are characterized by an absorbance maximum at approximately
400 nm. The 4-sulfonate isomers are used in limited formulations. They have a single
absorbance maximum that is centered at approximately 380 nm. The absorbance spectra
of two representative positive resist formulations are shown in figure 2.17 and 2.18 [24].
Positive photoresist unlike negative photoresist does not experience change in
molecular weight during exposure. The solubility differential is provided by a functional
group change.
Resist Application
The most common method of resist application is spinning. Spinners are available
in manual, semiautomatic, and automatic designs. These systems differ with each other in
the degree of automation. The spin process should be designed to dispense the right
amount of resist on the wafer surface. If excess amount of resist is dispensed, it will flow
on to the backside and effect processes that follow photoresist application. If the amount
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of resist dispensed is not sufficient, the entire wafer surface will not be covered. This
would require another run to dispense sufficient amount of resist which in turn will effect
the thickness and the uniformity of the resist film. Figure 2.19 shows these situations.
Spin processes are also designed to prevent or minimize the build up of a bead of
resist around the outer edge of the wafer, called an edge bead. The build-up causes image
distortions during the exposure and etch processes.
Variables that affect the spin coating process are given in table 2.4 and are
divided into two categories namely, chemical and physical. The spin coating process
consists of four steps:
•

Applying the resist to the substrate

•

Acceleration to a desired RPM

•

Spinning at a constant RPM and

•

Deceleration
Then, initial resist application can be accomplished by any of the four techniques

discussed in section B, methods of application. During stage 3, the resist solution
experiences two forces  an outward centrifugal force caused by rotation and a shear
force on the flowing resist, shown in figure 2.35. Once the uniform resist film has
developed, the remaining steps help in solvent evaporation to produce the uniform solid
film.
Fundamental parameters that govern film uniformity and thickness are polymer
composition, molecular weight, solution concentration, angular velocity and acceleration
of the spinner [23].
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For a given resist system with constant molecular weight, solution concentration
etc., the film thickness depends only on the spinning parameters. Figure 2.36, shows the
resist film thickness (t) as a function of rotating speed (ω) for three resist solutions. The
plot is linear in all the three cases with the slope independent of the concentration or the
molecular weight and gives the following relationship

t = kω α

.(2.2)

where both k and α are constants determined from the slope of the curve.
Figure 2.37, shows the curve for a resist as a function of spinning speed for three
concentrations. These plots show that at constant spinning speed, the film thickness
increases with concentration. This is shown qualitatively in figure 2.38, the curve is linear
suggesting the following relationship

t = k`C β

.(2.3)

where both β and k` are constants.
The molecular weight also has a profound impact on the film thickness at constant
rotational speed. The log-log plot of film thickness as a function of intrinsic viscosity (or
molecular weight) at constant spin speed is a linear curve shown in figure 2.39 and gives
the following relationship
t = k``[η ]

γ

.(2.4)

where k`` and γ are constants. Equations 2.2, 2.3 and 2.5 can be combined to give the
following equation that describes the effect of molecular weight, solution concentration,
and spinning speed on the resist thickness (t),
KC β [η ]

γ

t=

ωα

.(2.5)
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where K is an overall constant. Once the various constants have been determined for a
given polymer and solvent system, the equation can be used to determine the film
thickness [24].
Apart from the film thickness, the other parameters of interest are the quality of
the film and the variation in the film thickness across a wafer and from wafer to wafer.
These properties are affected by the spinning solvent and the solvent volatility. Highly
volatile solvents evaporate quickly resulting in an increase in viscosity thereby
preventing the film from forming with uniform thickness over the wafer. Solvents with
low volatility result in long drying times which increases the probability of contaminants
sticking to the resist and creating a defect site. Polymers exist in solution in random coils,
with their mean square end-to-end distance known as radius of gyration. In a good
solvent, the coil is relatively expanded and has a large radius of gyration. As the solvent
becomes progressively poorer, the coil shrinks until finally the polymer and solvent are
no longer miscible and the polymer precipitates. Usually a polymer becomes poorer with
decreasing temperature until finally a point called θ-temperature is reached below which
precipitation of the polymer will occur [24].
The choice of the solvent is determined in an empirical manner. The solvent
should be chosen that has the correct solution properties to yield a uniform film. The
polymer should remain in solution throughout the spinning phase, otherwise it can lead to
pinholes and irregular lines after development [24].
Engineering Considerations
Once the resist solution has been selected, it is necessary to obtain a spin curve
similar to the one shown in figure 2.36. This spin curve can be obtained by spinning a
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series of wafers at different speeds, exposing and developing them and finally measuring
the thickness using film measuring devices or stilus instruments [44].
The engineering considerations that govern film uniformity and defect density
include but are not limited to cleanliness of the environment, temperature control,
humidity control, mechanical integrity of the spinner, and exhaust equipment. During the
spinning operation, solvent evaporation results in cooling of the substrates leading to the
possible water vapor condensation. To avoid this problem the humidity must be
controlled at less than 30% ± 2% RH. All resist systems use organic solvents and the
exhausting solvent fumes that result from the evaporation part of the spinning cycle
should be properly taken care of. One of the major sources of contaminants in spin
coating hardware is the dispensing equipment. It has been known that direct application
from the bottle should yield the lowest defect films possible.
Equipment Requirements
The spin process is carried out in a spinner. One of the basic components common
to all the spinner designs is the vacuum chuck. A typical vacuum chuck is cylindrical in
shape and is made from stainless steel, Poly Vinyl Chloride or Teflon. The material
should be durable and low-particle generating in order to avoid contaminating the resist.
The diameter of the chuck should be slightly greater than that of the wafer in order to
prevent any physical distortion to the wafer and ensure a uniform coating of the resist.
Vacuum is required to hold the wafer to chuck during the spin process and can be
provided by the fabs in-house vacuum system.
The wafer is spun in a spin bowl, which is usually round with a cover. The spin
bowl is designed such that the excess resist flows through the drain easily and is easy to
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clean. It has a cover that should be closed prior to spinning the wafer in order to avoid
resist splashes. The spin bowl should come with proper exhaust systems to remove
undesirable solvent vapors that may cause health problems and for preventing splash
back of the resist onto the wafer being processed. The level of exhaust is determined by
the kind of resist being used.
A spin motor is used to spin the vacuum chuck holding the wafer at high speeds.
The high-speed rotation of the chuck causes the resist to be uniformly distributed across
the wafer surface. The speed of rotation depends on the type of resist, its viscosity and the
required thickness to obtain a uniform layer of resist. At high speeds, centrifugal forces
cause the solution to flow to the edges where it builds up until expelled when the surface
tension is exceeded.
Finally, a spinner has a dispenser and a pump. The dispensing mechanism
depends on the kind of spinner but, in its basic form, has a nozzle attached to the resist
supply, which can be a syringe in some cases. The nozzle, with the help of the dispenser
pump, dispenses a steady stream of resist on the center of the wafer for a limited time
determined by the type of the resist, wafer size the process being run.
Methods of Application
There are four basic methods of dispensing photoresist: static dispense, dynamic
dispense, radial dispense and manual dispense.
In static dispense the wafer is placed on the vacuum chuck and is held stationary.
The resist is dispensed on the center of the wafer and allowed to form a puddle. After
some seconds depending on the process parameters and requirements, the chuck
accelerates to its final speed. The chuck continues to spin at the final velocity for some
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time after which decelerates and stops. The acceleration rate sets the thickness and the
rotation at final velocity is to ensure a uniform layer. The static dispense process is shown
in figure 2.20. This method suffers from the disadvantage that puddling may attract
contaminants and can also lead to a non-uniform film.
The dynamic dispense method is widely used in fabrication units around the
world and does not require any additional equipments than that used for the static
dispense method. In the case of dynamic dispense the wafer is placed on the vacuum
chuck and rotated at a slow speed. The photoresist is dispensed while the wafer is
rotating. Once the required amount of resist has been dispensed, the resist flow is stopped
and the wafer is accelerated to its final speed. The main advantages of this system are a
more uniform coating of resist and a lower volume of resist is used. In dynamic dispense
the process parameters become more critical because it is possible for the outer portions
of the wafer to remain uncoated also spinning during dispensing could cause premature
drying of the resist. Figure 2.21 shows a dynamic dispense system.
Radial dispense method is a variation to the dynamic dispense technique. In this
method, the nozzle is moved across the wafer while the resist is being dispensed. The
dispense movement can be from center to edge or edge to center. The advantages to using
this technique is a slight gain in the uniformity and further reduction in the use of resist
amount, however it requires more complex process control. Table 2.2 summarizes the
advantages and disadvantages of the three systems. Figure 2.22 shows a radial dispense
system.
The manual spinner is the simplest resist dispensing system. It consists of a spin
bowl and a vacuum chuck. The wafers are mounted on the vacuum chuck and resist is
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dispensed statically using a squeeze bottle. Once the required amount of resist has been
dispensed, the chuck is accelerated to its final speed.

Softbake
Introduction

After spin coating the polymer film contains 1 to 3 % of residual solvent and may
contain built-in stresses caused by the shear forces during the spin process. Residual
solvents in the film will adversely affect the processes that follow spinning. This effects
the quality of image obtained after the develop cycle. Stresses in the film lead to loss of
adhesion, which will cause the entire process to be repeated again. In order to remove the
residual solvents and anneal out any stress in the film, a baking step prior to the exposure
is done called prebake or softbake.
Prebaking ensures that the resist film has uniform properties both across the wafer
and from wafer to wafer in a lot. Problems caused by the incorrect prebake cycle are
realized only after the develop cycle on inspection. Consequently, in order to specify
prebake parameters, it is necessary to have the exposure conditions and the develop cycle
optimized to some extent. Variables that affect prebaking conditions are specified in
Table 2.4 [24].
Polymeric resists are amorphous in nature and their physical properties are
determined by the degree of molecular motion allowed within individual chains. At
elevated temperatures, there is considerable motion of chain segments. As the
temperature is reduced, the motion of these chain segments reduces and eventually stops
at a particular temperature called the glass transition temperature (Tg) at which the
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polymer has characteristics of a glass. If this temperature is at or below the room
temperature, the polymer is considered to be a rubber while if its above the room
temperature it is a glass [23]. Both these states are encountered in resists. Above the
transition temperature, the polymer chain becomes mobile and the polymer begins to
flow under small amounts of stress. Thus heating the resist above its glass transition
temperature for a certain amount of time enables the film to anneal into its most stable
energetic state. Also since diffusion is an activated process, solvent removal is also
facilitated. The wafer should be heated for sufficient time to allow solvent molecules to
diffuse out of the polymer matrix. However excessive baking temperatures would induce
undesirable chemical reactions in the polymer. This makes control of time and
temperature, which are the main prebake variables, very critical.
Optimization of these variables can be done empirically or by a trial and error
method, however there are certain analytical techniques that can be used to determine the
initial prebake parameters. The required time and temperature can be determined to a first
approximation using thermal methods of analysis such as thermogravimetric analysis
(TGA) or differential thermal analysis (DTA) [23]. TGA is a technique that records the
weight loss of a polymer as a function of temperature and indicates the temperature at
which thermal degradation occurs. Figure 2.23 shows a typical TGA trace of a polymer
resist that has not been prebaked. DTA may be used to determine the glass transition
temperature and melting point of a polymer. A typical DTA curve is shown in figure
2.24. Using these techniques, one can determine the limits on prebake temperature and
time beyond which the resist degrades [24]. Once a temperature and time have been
determined, it is necessary to inspect the pattern and further fine tune the process to
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establish that the prebake results are satisfactory. Several runs will be required before a
satisfactory prebake condition can be established.
Methods and Equipment

The main requirements for baking equipment are:
•

Excellent temperature control

•

Contamination free

•

Precise temperature operation

Convection heating is one of the earlier methods of prebaking a substrate. Its a
simple process where hot air is forced over a wafer or a batch of wafers. Since it can be a
batch process, the throughput is high. However, moving air above the wafers becomes a
major source of contamination and uneven heating across the wafer source are major
drawbacks.
Infrared heating uses infrared lamps as heat source and is done in a chamber. The
long wavelength energy penetrates the resist layer and is reflected off the wafer surface.
As a result the wafer is heated inside out. Infrared heating offers better heating and
uniformity however since different materials heat at different temperatures, process
control is difficult. Also the vapors form the heating process cloud the lamp and the
chambers thus require frequent cleaning [6].
Microwave soft baking offers the better contamination control, accurate heating, and
increased repeatability. The process operates by using a klystron or magnetron type
oscillation device to vibrate molecules within the photoresist. The vibrations cause the
resist to heat up, which results in evaporation of the solvents from the resist [6].
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Conduction or hotplate heating is the simplest and most popular method of prebake in
most fabs today. The wafer is set on a hot plate, which has electrical heating coils and
thermocouples as part of the closed loop temperature control system. Most current
equipments are capable of maintaining temperatures to within ±0.1° C of the setpoint,
with a uniformity of around ±0.3% across the wafer surface. The hot plate has the same
inside out effect as infrared heating, in that the heat travels up from the wafer to the
resist. This method is superior to other methods discussed, in terms of accuracy,
uniformity and repeatability.

Exposure
Introduction

After the resist coated substrate has been prebaked, it is exposed to some form of
radiation through a patterned plate called a mask, to create a latent image on the resist
coated wafer. The quality of the image depends on the exposure tool, exposure times and
the radiation source.
During this step several processing parameters must be taken into consideration
like energy density and uniformity, dose rate, exposure time, and the exposure ambient
(vacuum, oxygen, etc.) [24]. The energy density available from a source determines the
exposure time and the resist sensitivity required to form the latent image. The feature size
is critically dependent on the exposure dose and hence, even small amounts of variations
in the exposure dose can create unacceptable variations in linewidth. Too high a dose rate
can result in loss of reciprocity in the resist exposure.
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The exposure ambient is also an important parameter. Reactions whose rates are
affected by or dependent upon ambient gasses such as oxygen and water vapor will
proceed at different rates in vacuum than in exposure environments where these gasses
are present [24].
Wavelengths of the light source used for the exposure of the resist-coated wafer
range from deep ultraviolet (DUV), i.e., 150 to 300 nm, to near UV, i.e., 350 to 500 nm.
In near UV, one typically uses the g-line (436 nm) or i-line (365 nm) [17].
The incident light intensity (in W/cm2) multiplied by the exposure time (in sec)
gives the incident energy (J/cm2) or dose, D, across the wafer surface. The radiation
induces a chemical reaction in the exposed areas of the photoresist, altering the solubility
of the resist in a solvent either directly or indirectly via a sensitizer.
Wavelength Consideration

It can be deduced from equations 2.6 and 2.7 that the minumum resolavable
feature size is directly proportional to the wavelength of the exposing radiation. In the
case of reflecting optical systems the resolution can be increased by reducing the
wavelength, provided that the deviations are within the limits. For example Bruning [23]
has demonstrated a resolution improvement using 310 nm radiations in conjunction with
a modified optical design for a one-to-one Perkin-Elmer system. Conventional positive
photoresist can be used for wavelengths down to approximately 300 nm [24].
Depth of Focus

In order that the line width control be maintained, it is necessary that the latent
image remain in focus through out the resist depth. However, as the image plane departs
from the plane of best focus, the image quality deteriorates. There is a certain amount of
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defocus tolerance within which the image will still be with in the specifications, called
the depth of focus and denoted by δ and is given by λ/2 (NA)2 where, NA is the
numerical aperture. Hence the depth of focus is directly proportional to the square of NA
and although increasing NA; can increase the resolution, it will be at the cost depth of
focus and is a trade-off [24].
Standing Wave Effect

The projection of a perfect image onto a resist surface will not necessarily result
in the exact replication of the image onto the resist. When photoresist is exposed using
UV rays, standing waves are formed in the resist as a result of coherent interference from
reflecting substrates creating a periodic intensity distribution in the direction
perpendicular to the plane of the resist. Dill et al. [23] have treated this phenomenon both
theoretically and experimentally. Their results are depicted in figure 2.26, which shows
the image intensity distribution as a function of depth in the resist. The light intensity
decreases with increasing depth in the resist because of optical absorption. Exposure
under the standing wave conditions results in variations in light intensity perpendicular to
the resist film by as much as a factor of 3 from one position to another. In case of a
positive photoresist, this periodicity results in a variation in the rate of development along
the edges of a feature leading to contours in the developed image as seen in figure 2.27.
This fringe structure deteriorates resolution and represents a serious limitation for small
features [24].
Several approaches can be taken in order to minimize the standing wave effects.
Since the phenomenon results from coherent interference of monochromatic photons, it
can be reduced by employing broadband illumination. However this approach introduces
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further complications in optical systems requiring complex lenses to correct for
chromatic aberrations. The effect can be minimized by optimizing the resist thickness and
substrate reflectivity [23], or by using post exposure bakes designed to smooth the edge
by flowing the polymeric material [23] [24].
Photoacid Generation

In case of conventional resists the exposure step converts a neutral molecule into
an acid product, the final product is a carboxylic acid. The acid strength of the photoacid
is higher than a carboxylic acid and many new photoacid generators (PAG) have been
developed. All PAG molecules can be described as the acid counterion integrated with a
photoactive ballast group. The ballast decomposes upon exposure and releases the
counterion. The acid proton can either come from the decomposed ballast group or be
extracted from the host matrix as shown.

Many ballast groups have been designed into PAGs. However, four designs have
been most prominent in DUV resists. These are based on onium salts, diazosulfone
compounds, nitrobenzyl esters and sulfonyloxy imides. Representative structures for each
class of PAG are shown in figure 2.28. Refer to [19] for a further description of these
groups.
Specifically in case of negative resists, the PAC, which is a di-azide material,
decomposes and bleaches under UV irradiation to form nitrenes which cause cross
linking of the base polymer molecules. Positive photo resists on exposure to UV radiation
bleaches and decomposes to render the local base polymer selectively dissolvable by an
aqueous alkaline solution.
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Alignment & Overlay

A fundamental part of optical lithography is the placement of all patterns in
precisely the correct location with respect to existing patterns on the wafer. One of the
key elements in this placement is the control of the critical dimensions of the pattern
features. The other key element is the precise placement of the center of each feature,
independent of the size of the feature. The earliest alignment schemes consisted of a
visual microscope inspection of unique features on the wafer and on the adjacent shadow
mask in contact with the wafer. The relative position of the wafer and the mask is
adjusted manually until satisfactory overlay of the unique patterns, known as alignment
marks, is achieved.
The basic functions of alignment and overlay consist of first detecting a reference
mark on the wafer and then positioning the mask and the wafer using the X, Y and θ
controls so that the projected image from the mask and the projection lens falls on the
wafer on the desired location. Alignment and overlay are closely related but refer to
different portions of the total process of placing the images in the correct location.
Alignment generally refers to the detection of the special alignment keys on the wafer,
and overlay refers to the remaining elements of the image placement, including stage
positioning, lens errors and mask errors. Sub-micron overlay was achievable using this
technique, but was clearly inadequate for projection optical lithography systems requiring
sub-100 nm overlay [19].
After consideration of all the factors which limit resolution such as exposure
equipment, type of resist, registration, alignment, and linewidth control; it can be
concluded that the useful resolution limit of photolithography is between 0.4 and 0.8 µm
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and depends on factors such as the implementation of short wavelength UV and the
ability to accurately place images from a projection tool onto a silicon wafer [24].
Methods of Exposure

One of the earliest methods in producing patterns in photoresist is called
proximity or contact printing. It involves exposing the resist-coated wafer with a flood of
UV light through a mask for a certain time, as shown in figure 2.25. The mask contains
both clear and opaque features that define the circuit pattern.
A. Contact printing: In contact printing the entire die array or the mask patter is
transferred to the wafer. The wafer is in intimate contact with the mask which causes
mask wear out; this is one of the reasons it is not a preferred method. In addition to the
short mask life, when the wafer is pulled out, the resist coating often peels away from the
wafer which leads to very high defect, low yield and high contamination levels.
The primary resolution limitation of contact printing is diffraction of light at the
edge of an opaque feature on the mask as the light passes through an adjacent clear area
[36-39]. Figure 2.25 shows the typical intensity distribution of light incident on a
photoresist surface after passing through a mask containing a periodic grating consisting
of both opaque and transparent lines or spaces of equal width. It is obvious that
diffraction causes the image of a perfectly delineated edge to become blurred or diffused
at the resist surface [24].
The resolution capability of contact printing with a mask of equal lines and spaces
of width b is given by:
1 

2bmin = 3 λ  s + d 
2 


.(2.6)
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where 2b is the grating period, s is the gap width maintained between the mask and the
photoresist surface. λ is the wavelength of the exposing radiation and d is the photoresist
thickness. From equation 2.6, the maximum resolution for 400 nm wavelength light and a
1 µm thick resist film will be slightly less than 1 µm. Within the diffraction limits,
contact printing can transfer a mask pattern onto a photoresist with almost 100%
accuracy and is the form of optical lithography that provides highest resolution [24].
B. Proximity printing: In proximity printing, like contact printing, the entire die array or
the mask pattern is transferred onto the wafer. However the mask does not come into
contact with the wafer but is in its proximity, of about 10-250 microns. This overcomes
problems associated with contact printing. These can produce geometries of only 2-3
microns. Smaller gaps translate to higher resolution. However maintaining small gaps
causes stress on all machine parts and requires excellent controls. One drawback is the
problem of edge diffraction and surface reflection into the photoresist resulting from the
gap between the mask and the resist. Increasing the gap degrades the resolution. For any
gap, the minimum transferable period is given by equation 2.7
2bmin ≈ 3 sλ

.(2.7)

As an example, the maximum resolution for a 10 µm gap, using 400 nm exposing
radiation will be ≈ 3 µm [24].
C. Projection printing: The need to eliminate problems associated with contact and
proximity printing led to development of projection printers. In projection printing, lens
elements are used to focus the mask image onto a wafer substrate, which is separated
from the mask by many centimeters. Because of lens imperfections and diffraction
considerations, projection techniques have lower resolution than that provided by contact
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printing. However the net improvement in device yield and performance, as a result of
lower defect densities and improved registration, has led to the increasing importance of
this technique in semiconductor manufacturing [24]. Figure 2.29, shows the different
types of projection printing techniques developed.

Develop
Introduction

Solvents and developers are an important part of photolithography. Once the
image has been transferred onto to the resist coated wafer it needs to be developed, to
produce the final three-dimensional image. The developing process is the most important
processing step and has the greatest influence on the quality of the image/pattern. Success
or failure of the entire resist program depends on the successful accomplishment of this
process. Figure 2.30 (a), shows the variations in the development process and highlights
the need for the process to be accurate. Figure 2.30 (b) & (c) show variations in pattern
for overdeveloped and underdeveloped features, while figure 2.30 (d) shows the desired
feature with the right development time. Two development process are used, viz., liquid
development and dry development (plasma). For a comprehensive review of dry
development refer to Taylor [40-43].
Liquid Development

Normally the suitability of a solvent is determined in thermodynamic and kinetic
terms where the kinetic influence is reflected in the value of the diffusion coefficient
while the thermodynamic suitability influences the thickness of the swollen layer.
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However, for most systems the relevant material parameters are not known and the
choice of developing solvent is based on experimental results [24].
Temperature and humidity also have a drastic effect on the solubility of a polymer
in a given solvent and variations in these parameters can produce widely different results,
particularly in case of polymers with relatively small molecular weight differences.
Developers may be provided in concentrated forms but, premixed developers can
minimize variations in developer strength by avoiding inaccuracies of small batch mixing
processes. The effect of developer temperature on line width for a particular process is
shown in figure 2.31 [23].
To optimize the developing process, it is necessary to have a set of conditions that
need to be consistently met [24]. These include:
•

No reduction in original film thickness

•

Minimum developing time (less than two minutes, preferably)

•

Minimum distortion and swelling during the developing process and

•

Faithful reproduction of the pattern
Positive Photoresist Developers

Positive photoresist developers are aqueous solutions of organic or inorganic bases.
Developers have moved from sodium hydroxide to nonionic developers formulated from
organic bases, in response to increased sensitivity, such as ethanolamines and more
recently to choline (trimethyl 2-hydroxymethyl ammonium hydroxide). The dissolution
reaction for positive photoresists involves the reaction of carboxylic acid with the basic
developer leading to the formation of a salt, which appears to enhance the dissolution of
the exposed resist. The resin and the salt do not go into the solution immediately and
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some part of the exposed resin falls to the bottom of the developer bath. In a recirculating
bath, this residue can be removed using a filter. Spray development of positive resist is
possible if the spin speed is slow enough to maintain a sheet of developer on the wafer
surface thus permitting the reaction of acid and base to take place [25].
Negative Photoresist Devlopers

For negative resist organic solvents are used predominantly. The organic solvents
can be classified by solvent type as shown in table 2.3

ALCOHOLS

Non Solvent

ACETATES

Weak Solvent

ALIPHATICS

Mild Solvent

AROMATICS

Strong Solvent

CHLORINATED HYDROCARBONS

Harsh Solvent

Table 2.3

Polyisoprene Solvents

For most applications, aliphatic solvents are preferred because they are mild
solvents for the unexposed resist. The two most commonly used aliphatic solvents are
decane and stoddard solvent. Early processing used aromatic solvents such as xylene,
however these solvents cause swelling and are unacceptable as developers for highresolution applications. Alcohols were often used for rinsing but many alcohols cause
hardening of the resist and the resulting brittleness is detrimental to resist performance.
Acetates such as butyl acetate are preferred because, as weak solvents they do not
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continue the developing action but rinse without precipitating polymer from the
developer and without damaging adhesion.
Methods of Application

There are two liquid development processes, which are employed: spray and
immersion.
A. Spray development: Generally spray development gives better pattern uniformity and
process reproducibility because of better time and temperature control and the continuous
use of fresh developer solution. Table 2.4, lists many of the variables associated in the
developing step all of which are interdependent making process optimization an
extremely tedious task [24].
It is required that the equipment used for developing applies the developer
solution under reproducible conditions of time, temperature, concentration and
cleanliness. Temperature should be maintained to within ± 0.5 °C, and humidity to ± 2%
RH. In the case of spray developers, temperature needs to be continually monitored. The
equipment used for spray developing is very similar to that used for resist application. A
spinning vacuum chuck holds the wafer in place as nozzles dispense the developer in the
form of a very fine mist onto the wafer. The spinning wafer is then rinsed with DI water
and finally dried. Figure 2.32 shows a typical spray processing set up for a single wafer
configuration [23].
B. Immersion: This is the most widely used and oldest developing technique. The wafers
are immersed in a tank containing the developer solution for a fixed time and then
transferred to a second tank containing the rinse chemical. The problems associated with
this technique are [23]:
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•

The surface tension of the liquids can prevent the chemicals from penetrating into
small openings.

•

Partially dissolved pieces of resist can cling to the wafer surface.

•

Tanks can become contaminated as large numbers of wafers are processed
through them.

•

Eventually the wafers will be contaminated as they are processed through the
contaminated developer solution.

•

Developer solutions may become diluted through use, especially in case of
positive resist developers.

•

Frequent changing of the solutions to overcome these problems raises the cost of
the process.

•

Temperature control, which is a critical factor of the developer, solution is very
difficult to control.

•

Wafers need to be taken out of the immersion system and dried, which increases
the possibility of their getting contaminated.

Some of these problems can be overcome by addition of other equipment to the
development process such as ultrasonic or megasonic baths. Agitation helps in uniformity
and penetration of small openings. Heaters and temperature controllers also help in
increasing the uniformity.

Hardbake
The last step in photolithography is hardbake. Its purpose is same as the softbake
step in which the evaporation of solvents hardens the resist. Hardbake is done to achieve
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good adhesion of the image to the wafer so as to enable it to withstand further processing,
since the requisite radiation reactions have already been carried out in the polymer.
Hardbake or postbake is done at a much higher temperature and for much longer time
than softbake. One important limitation though is that the postbake temperature must be
less than the flow point of the resist. Resist is a polymer that softens and flows when
heated. When the resist flows, the image dimensions change and is evident from the
thickening of the resists on the edges. The equipment required for hardbake are similar to
those mentioned for softbake.

Inspection & Testing
Inspection and testing are ideally done after every process in photolithography
before sending the wafers for the next process. If after any step the wafers do not confirm
to the standards, the process is started all over again. This method of inspection and
testing after every step, rather than waiting till the final develop step to inspect the
wafers, saves time and money in case the wafers have to be processed again. The purpose
of the inspection is to identify the wafers that have a low probability of passing the final
masking inspection due to improper cleaning or leaving contaminants on the wafer
surface, improper resist application, problem with resist adhesion, improper exposure or
develop process. Some process parameters in photolithography are determined
empirically and the purpose of inspection is to provide process performance and process
control data to help come up with the right process parameters. Once a wafer has been
rejected and a reason established for it, work must be done in order to overcome the
problem before other wafers are processed. Its also a good idea to run a test wafer before
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proceeding with the lot. For example, if the resist does not cover the wafer completely it
may be established that the pressure was not sufficient in an automatic dispense spinner.
A couple of tests runs to ensure that the resists covers the front side completely and also
that it does not flow onto the backside, must be performed before the process has been
finalized.
There are basically three classes of problems that need to be identified during an
inspection, these are: deviations in the pattern dimensions, surface problems, and resist
problems. These inspections can either be done manually (using naked eye) or by using a
microscope. The usual procedure is to select a number of specific locations on the wafer
for inspection. This method assumes that gross problems will show up on the selected die
and is adequate for gross wafer wide problems mentioned above.

2.3. Other Processes

Ashing
The purpose of the developing process is to completely remove unwanted resist in
areas to be etched. However, it is difficult to remove all the resist during the develop
cycle. It is frequently observed that after developing, the edges of the feature have resists
clinging to them because these edges are rugged and non-uniform. This can be due to
swelling and deformation during developing. These problems can be overcome by using
a mild oxygen plasma treatment called de-scumming or ashing after developing and prior
to hardbake. Figure 2.33 shows a typical resist pattern before and after ashing, marked
improvement in the pattern quality can be observed.

59
Etching
Etching like developing is extremely critical. Both liquid and plasma etching
techniques are employed. A detailed discussion of plasma etching is presented in the next
chapter.
In the case of liquid etching, the rate is controlled by the choice of the etching
reagent, temperature, etching time, degree of agitation. It also depends on the age of the
etch bath. Because it is difficult to control and the etch rates are not known, liquid etching
nearly always results in undercutting. Considerable effort is required to come up with a
reproducible etching time from wafer to wafer [24].

Stripping
The final step in the lithography process is stripping the resist. It may be
accomplished by either liquid or oxidizing plasma processes. Care must be taken not to
alter the underlying thin film or semiconductor device. It is also very important to keep
the process free from any contamination that may adversely affect subsequent
lithographic steps.

Lift-off
A patterning variation that eliminates the etch component is lift-off. Figure 2.34,
shows a typical lift-off process. The development process leaves a hole in the resist
(exposed area, in case of positive resist). Next, the wafer receives a deposited layer that
covers the entire wafer and fills in the hole. Definition of the pattern comes when the
wafer is processed through a photoresist removal step that lifts off the resist and
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unwanted metal layer. Usually the removal step is assisted by an ultrasonic agitation or
bottle rinse using DI water. This helps form a clean break of the deposited film at the
resist edge. After the resist and film removal, the desired pattern is left on the wafer
surface [23].

2.4 Experiment & Result

AZ 1518 Process
Introduction

The AZ 1518 is a positive resist developed by Clariant Corporation as part of the
AZ 1500 series. The AZ 1500 series resist contain no 2-ethoxyethyl acetate and are
formulated with propylene glycol monomethyl ether acetate (PGMEA) solvent as shown
in figure 2.40. Photoresist from this series show excellent profile in submicron
lithography Some AZ 1518, features are:
•

Contains no 2-ethoxyehtyl acetate (health and safety characteristics are a major
subject of concern) or xylene.

•

Striation free coatings. The 1500 series contains a striation-free ingredient to ensure
uniform coatings. The variation in the film thickness across the wafer is less than
100Å, with no evidence of striations when viewed under monochromatic illumination
[45]

•

Superior lot-to-lot consistency and quality.

Some applications for AZ 1518 include:
•

Projection, contact, and proximity printing applications using 365, 405, and 436 nm
radiations.
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•

Resist thickness ranging from 1.0-2.0 µm.

•

In-line or batch development using metal-ion-free, sodium or potassium based
developers.

•

Wet or dry etching of oxides, nitrides, polysilicon and metals.

•

Mask making.
Recommended Process

The following process, recommended by the AZ 1500 literature from Clariant
Corporation was used as a starting point to develop the photo process for SiC SBDs at
Mississippi Center for Advanced Semiconductor Prototyping (MCASP). The
recommended process sequence was as follows [45]:
1. Substrate Preparation: The substrate should be free of organic contamination and
excessive physically adsorbed moisture.
2. Spin Coating: Thickness (µm) after 90 °C/30 minute softbake.
Product

3000
4000
5000
6000
rpm
rpm
rpm
rpm
AZ 1518
2.05
1.76
1.57
1.43
Table 2.5 Photoresist thickness in µm for corresponding spin speeds

7000
rpm
1.32

Figure 2.41, shows a typical spin curve for the AZ 1518
3. Softbake: 90 ± 2 °C for 30 min in a convection oven (forced air is preferable). Then
additional treatment on a hot plate 100 °C for 45 seconds is recommended for optimal
results. For control of standing waves with the AZ 1500 series, a softbake of 40 °C
below the post exposure bake is recommended.
4. Exposure: Exposure energy requirements will vary according to the coating thickness,
baking conditions, substrate reflectivity, and the developer concentration/time.
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Exposure energy from 70-120 mJ/cm2 is recommended as a starting point to
determine the energy required to replicate the mask pattern.
5. Development: The high contrast and high sensitivity formulations of the developers
are suitable for a 60-120 second batch immersion development. Mild agitation of the
wafers should be used to ensure uniform development. Developer temperature should
be maintained at a constant temperature (± 1 °C) within the range of 20-25 °C
Developer
AZ 400K
Table 2.6

Recommended Dilutions (Developer: DI water)
High Sensitivity
High Contrast
1:3
1:4

Recommended dilutions for AZ 400K developer

6. Rinse: Rinse with DI water until resistivity is within required limits.
7. Postbake: Postbaking improves image stability, adhesion, and plasma and chemical
resistance. The extent of postbaking, if required will depend on the entire process. A
postbake cycle of 30 min at 120 °C is recommended for wet etching and plasma
processes. The AZ 1500 resists are responsive to deep UV stabilization techniques
which allow the resist to be baked at temperatures up to 200 °C
Typically a 2-30 J/cm2 photoflood of 200-300 nm UV radiation is used at 100 °C
followed by immediate hardbake at over 180 °C. This process gives good
stabilization to harsh etching or implant conditions
8. Strip: AZ 1500 resists that have been postbaked at temperatures below 120 °C can
usually be stripped with n-butyl acetate, acetone or similar solvents. When postbake
temperatures have exceeded 120 °C, Caros acid, commercial stripper or oxygen
plasma can be used for stripping.
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9. Equipment Compatibility: Recommended compatible materials include stainless steel,
glass, ceramic, high-density polyethylene, and polypropylene.
10. General Environment Conditions: Ambient temperatures and humidity should be
maintained at constant levels in the ranges of 65-80 °F and 30-50% RH respectively.
AZ 1518 has a flash point of 119 °F. Photoresist and developers that have been stored
in a cold room should be thermally equilibrated t operating temperature before use.
AZ 1500 series resists and coated substrates should be handled under yellow light.
Results

Based on the above process the following photo process was developed for AZ
1518 as part of this thesis work. The process parameters were determined empirically. A
number of runs were carried out until the desired feature characteristics and resist
thicknesses were obtained. The process details are:
1. Substrate Preparation: To obtain a surface free of contaminants and undesirable films,
the following standard cleaning process was developed at MCASP. Immerse the
wafers in boiling acetone for 1-minute followed by a 1-minute immersion in acetone
at room temperature. This is followed by a 5-minute immersion in IPA. The wafers
are given a bottle rinse with acetone before immersion in IPA. After treatment with
IPA, the wafers are transferred to a DI bath. The wafers are then dried with dry
nitrogen and placed on a hot plate at 200 °C for 5 minute. The cleaning process is
carried out on the wet bench, shown in figure 2.42. The wafers are now ready for
either priming or resist application as the process dictates.
2. Spin Coating: A Cee (Cost Effective Equipment) model 100 spinner, shown in
figure 2.43, was used to coat the wafers with photoresist using the spin coat method.
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The spinner uses a PID (Proportional Integral Derivative) microprocessor to control
spin speed to a maximum of 6000 RPM (± 5 RPM) with an acceleration of 30, 000
RPM.
The memory stores up to ten user defined programs with ten individual steps for
setting spin speed, acceleration and time, which allow for very precise spinning to
obtain the required thickness and uniformity. These programs contain information
such as spin speed, ramp rate, and spin duration that allows for ramped and multistep
processing. A typical program flow is shown in figure 2.44.
The spinner programming can be divided into four sections namely: dispense
(step-0), acceleration (step-1), constant speed spin (step-2) and deceleration (step-3).
Each step has four parameters, which are velocity (V in rpm), ramp rate (R in r/s),
nozzle (N), and time (T in seconds). Hence V2 will represent the velocity in step-2
and N can take on values 0, indicating that the nozzle is off and not dispensing or 1,
which would indicate that the nozzle is on and is dispensing the resist. This gives us a
total of 17 parameters including the pressure (P) on the dispense system. This helps in
dispensing the right amount of resist to obtain a uniform layer and avoid backside
resist to change in order to obtain the desired film thickness and uniformity. However
it has been well established that the film thickness is a function of the spin speed.
Thickness is not a strong function of the resist amount dispensed. Typically, less than
1% of the dispensed amount remains on the resist after spinning [5]. The rest of the
resist flies of during the spinning so to avoid redeposition spinners are equipped with
splash guards around the chuck. Thickness of the resist is primarily determined by its
viscosity and spin speed. Higher viscosities and lower spin speeds will produce
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thicker layers of photoresist. In the kind of process detailed for the Cee 100 spinner,
experiments have shown that the thickness is set during the acceleration step itself
and the constant spin speed step helps in obtaining a uniform film.
A total of 38 runs were performed with the AZ 1518. Table 2.7 gives a detail of
the spinner parameters that were changed in order to obtain the right thickness. S
represents a series run and I represents an individual run. S0 consists of 11 runs, S1 of
5 runs, S2 of 3, and S4 consists of 4 runs. The thickness is average of all the runs. In
each case the wafer was profiled using a Tencor P2 long scan profilometer as shown
in picture 2.45 at more than 5 points across its surface. Figure 2.46, shows the
comparison chart of the thickness for different runs. Series 2, with an acceleration
rate of 1000 rotations/second and a spin speed of 4000 RPM for 30 seconds, gave the
closest and most consistent value for obtaining a thickness of 1.76 µm. It is this series
that is presently being used at MCASP to coat wafers with AZ 1518.

12
6
6
7
7
8
8
8
8
8
8
8
8
10
11
5

Table 2.7

S0
S1
S2
S3
I0
I1
I2
I3
I4
I5
I6
I7
I8
I9
I10
I11
I12
I13
I14

P

R0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

N0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

T0
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

List of runs and their parameters for AZ 1518.

V0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

DISPENSE STEP

SPINNER PARAMETERS
ACCELERATION STEP
CONSTANT SPIN
STEP
V1
R1
N1
T1
V2
R2
N2
T2
4000 1000
0
4
4000 0
0
40
4000 500
0
8
4000 0
0
30
4000 1000
0
4
4000 0
0
30
4000 2000
0
2
4000 0
0
30
4000 500
0
8
4000 0
0
22
4000 400
0
10 4000 0
0
25
4000 400
0
10 4000 0
0
30
4000 500
0
8
4000 0
0
25
4000 400
0
10 4000 0
0
20
4000 500
0
8
4000 0
0
40
4000 500
0
8
4000 0
0
50
4000 500
0
8
4000 0
0
60
4000 660
0
6
4000 0
0
30
4000 667
0
6
4000 0
0
30
4000 800
0
5
4000 0
0
30
4000 4000
0
1
4000 0
0
30
4000 2000
0
2
4000 0
0
35
4000 1000
0
4
4000 0
0
35
4000 1334
0
3
4000 0
0
30
DECELERATION
STEP
V3
R3
N3
T3
0
1000
0
4
0
500
0
8
0
1000
0
4
0
2000
0
2
0
500
0
8
400
0
10
0
0
400
0
10
0
500
0
8
0
400
0
20
0
500
0
8
0
500
0
8
0
500
0
8
0
660
0
6
0
667
0
6
0
800
0
5
0
4000
0
1
0
2000
0
2
0
1000
0
4
0
1334
0
3

1.7456
2.05714
1.75
1.702
2.055
2.0533
2.058
1.971
1.900
2.0843
2.07525
2.069
1.967
2.0224
1.9746
1.702
1.674
1.672
1.812

THICKNESS
(in µm)
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The pressure on Series 0, 1 and 3 are not mentioned because it differed in all the
processes, however series 2 is shown as having a pressure of 12 because it is
determined empirically from the runs that a pressure of 12 dispenses the right amount
of resist required for uniform coating at the same time avoiding backside resist.
Pressures less than 10 gave circular rings, found during inspection.
Each of the wafers profiled at more than five places showed a variation of only
100 Å or less across the surface. In terms of percentage, this variation was between
0.5 to 0.75% which is within the limits of process requirements. All runs were
performed on 50mm silicon wafers
3. Softbake: Softbake is done at 115 ºC for 1 minute on a Cee model 1100 hotplate in
hard contact. In the case of hotplate baking, the substrate heats at a rate that is
dependent only upon the bake style selected and the thermal properties of the
substrate. Reduced particle contamination is a major advantage of hotplate baking.
Hard contact is the most efficient and accurate baking style for hotplates since the
substrate is held in intimate contact by vacuum ports in the chuck itself. This method
ensures bake uniformity and faster throughput because of fast warmup. Fast warmup
also results in shorter bake times.
4. Exposure: Karl Suss MJB 3 model is used for exposure at MCASP, shown in figure
2.48. This system is designed for high-resolution photolithography and is capable of
handling broken pieces. Primary exposure wavelengths of 350-500 nm were used. It
has two modes of exposures, hard contact and soft contact. A line space resolution of
1.5 microns and alignment accuracies of 0.2 microns can be obtained under optimum
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conditions. An exposure time of 15 seconds was determined empirically to be
sufficient for AZ 1518 in order to obtain high-resolution patterns.
5. Development: One part of AZ 400K mixed with four parts of DI water is used as a
developer solution for both AZ 1518 and AZ P4330. AZ 400K is potassium based
buffered developer that provides optimal process control while minimizing
contamination risks by using less mobile potassium ion. It provides a high throughput
and contrast especially for thick films like AZ P4330. For high sensitivity a 1:3
dilution is recommended. An immersion type development is practiced at MCASP
and the develop cycle typically takes between 43-45 seconds.
6. Rinse: Rinse with DI water for two minutes.
7. Postbaking: Postbaking is done at 130 ºC for 5 min in hard contact mode on the Cee®
hotplate.
8. Strip: Photoresist is stripped using the immersion method in acetone for 5 minutes. If
needed wafers are given a bottle rinse. In order to strip resist of the edge features,
which are difficult to remove using solvents, wafers are subjected to oxygen plasma
at 400W, 0.25T for 5 minutes or until the resist is stripped. Figure 2.49 shows a
picture of the Asher used in MCASP.

AZ P4330
Introduction

AZ P4000 series resist is optimized for thick resist applications. It is ideal for
applications requiring film thicknesses of 3 to 50 microns. Table 2.8 lists the features and
benefits of AZ P4330 [46].
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Features
Steep wall profiles and excellent adhesion
no a wide variety of substrates

Sensitive to g-, h-, and I-line wavelengths

•
•
•
•

Coating thickness upto 50 µm

•

Excellent ion-milling properties
Exceptionally stable films

•
•
•

Cast in PGMEA safer solvent with no cosolvent

•
•

Table 2.8

Benefits
Ideal profile for up-plating
Reduced rework
No underplating even in thick films
Fast photospeed on all popular
exposure tools
Single resist series that can be used
in a wide range of applications
High yields
No cracking, peeling or bubbling
Provides an excellent, easy to use
permanent insulator layer for
critical high-reliability applications
in thin film recording heads
Toxicity hazard is extremely low
Provides excellent coating
properties

Features and benefits of AZ P4330
Recommended Process

A recommended process is shown in table 2.9 below for a 10-µm thick resist film.
PROCESS PARAMETERS
Softbake
Exposure
PEB
Developer
Develop cycle
Table 2.9

110 ºC, 200 sec
400 mJ/cm2 (using Ultratech stepper model
1500)
Process dependent
AZ 400K (1:4)
200 sec spray

Process parameters for a 10-µm thick resist film.

The spin curve for AZ P4330 is shown in figure 2.47.
Results

The above-recommended process was used along with the speed curve and the
AZ 1518 process to develop a process for AZ P4330. While the surface preparation
remained same, other parameters are listed in table 2.11. Table 2.10 lists the spinner
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parameters for AZ P4330. The uniformity variations remained between 0.5 to 0.75%
across a wafer.

10
15
15
15
15
15
15
15
10
12
12
15
15
15
15
15
15

R0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

N0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

T0
10
17
17
17
17
17
17
10
10
12
12
10
15
17
17
17

Table 2.11

AZ P4330 process parameters

100

6

Softbake
Temperature Time
(°C)
(min)

List of runs and their parameters for AZ P4330

V0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

DECELERATION
STEP
V3
R3
N3
T3
0
1000
0
3
0
200
0
15
0
200
0
15
0
200
0
15
0
150
0
20
150
0
20
0
0
143
0
21
0
130
0
23
0
300
0
10
0
750
0
4
0
300
0
10
0
300
0
10
0
200
0
15
0
100
0
30
0
225
0
13
0
200
0
15
0
1000
0
3
3.563
4.2
4.20125
4.27
4.125
4.1975
4.7555
5.4868
3.848
3.748
4.23
4.118
4.179
4.707
4.44
3.743
3.792

THICKNESS
(in µm)

21

~120

130

5

4.3

Hardbake
Exposure Develop Temperature Time Thickness
(sec)
(sec)
(µm)
(°C)
(sec)

SPINNER PARAMETERS
ACCELERATION STEP
CONSTANT SPIN
STEP
V1
R1
N1
T1
V2
R2
N2
T2
3000 1000
0
3
3000 0
0
30
3000 200
0
15 3000 0
0
30
3000 200
0
15 3000 0
0
25
3000 200
0
15 3000 0
0
28
3000 150
0
20 3000 0
0
30
3000 150
0
20 3000 0
0
25
3000 143
0
21 3000 0
0
30
3000 130
0
23 3000 0
0
30
3000 300
0
10 3000 0
0
30
3000 750
0
4
3000 0
0
30
3000 300
0
10 3000 0
0
35
3000 300
0
10 3000 0
0
40
3000 200
0
15 3000 0
0
35
3000 100
0
30 3000 0
0
30
3000 225
0
13 3000 0
0
30
3000 200
0
15 3000 0
0
50
3000 1000
0
3
-

Process
Surface
Resist Application
Paramters Preparation Spin
Tine
Ramp
(sec)
Rate
Speed
⇒
(RPM) (RPM/sec)
Resist ⇓
AZ
Std.
P4330
Cleaning
3000
200
30

Table 2.10

S1
S2
S3
S4
S5
S6
S7
S8
I1
I2
I3
I4
I5
I6
I7
I8
I9

P

DISPENSE STEP
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A total of 43 runs were performed for the AZ P4330. Out of which series-1 had 2
runs, series-2 had 10, series-3 had 2, series-4 had 4, series-5 had 3, series-6 had 2, series7 had 4, and series 8 had 7 runs. There were 9 individual runs, which were not repeated
because of variations in the thickness value. Series-2, with a ramp rate of 200 r/s and a
final speed of 3000 RPM for 30 seconds is presently being used at MCASP to coat wafers
with AZ P4330. The variations in thickness between individual runs of each series was
100 Å or less. Runs in series-2 were repeated 10 times and gave a more consistent and
closer value to the required thickness of 4.3µm than any other run. Figure 2.50 shows the
comparison chart for AZ P4330. As can be seen from the experiments, a 5 second
increase on the total spin time between series-2 and series-3 didnt have much effect on
the thickness however the resist was found to be more dry and uniform in the case of
series-2 than series-3. The fact that the spin time has no effect on the thickness and helps
only in drying the resist and obtaining a uniform film can be seen from the results of the
individual run-9, where the spin step was not performed. The result was a wafer with a
very sticky layer of resist and there was more resist towards the edges than in the center.
Resist strands could be observed on the edges.
It should be noted that the individual runs with in a series did not yield the same
thickness even though the parameters were held constant because of large variations in
temperature and humidity of the clean room. A typical temperature and humidity
variation during the day is shown in figure 2.51. The cycle time for each of these
processes was approximately 2 hours and 15 min, including the priming step. The
breakdown, standard clean took about 36 min, priming took 34 min, resist application
including softbake about 15 min, exposure, develop and inspect took 28 min.
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Figure 2.3

Surface bonding with HMDS [6].

Figure 2.4

Spin dispense system for primer application [23].
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Figure 2.5

A vapor prime system [6].
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Figure 2.6

Edge scattered radiation profiles for negative and positive resists [17].

Figure 2.7

Photoresist profiles for positive resist (a) The desired profile for lift-off (b)
Perfect image transfer by using a normal exposure dose and develop cycle
(c) Undercut [17].

76

Figure 2.8

Basic structure of cis-polyisoprene [25].

Figure 2.9

Cyclized polyisoprene [25].
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Figure 2.10

Diaryl diazide, a typical photoinitiator [25].

Figure 2.11

Ultraviolet spectrum of a commonly used bisarylazide sensitizer [24].
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Figure 2.12

Crosslinking reactions in bisarylazide-rubber resists [24].
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Figure 2.13

Molecular weight versus exposure [25].
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Figure 2.14

Develop cycle action in positive resists. Exposure to UV light causes the
sensitizer to produce an acid that allows the exposed areas of the resist to
selectively dissolve in developer solution, which is a base [24].
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Carbene

Ketene

Figure 2.15

Formation of diazonaphthoquinone-novolac resist. The novolac matrix
resin is prepared by acid catalyzed copolymerization of cresol and
formaldehyde. The base insoluble sensitizer, a diazohaphthoquinone,
undergoes photolysis to produce a carbene which then undergoes Wolff
rearrangement to form a ketene. The ketene then adds water, which is
present in the film, to form a base soluble [24].
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Figure 2.16

Absorbance spectrum of diazonaphthoquinone sensitizer and a cresylic
acid novolac (film) [24].
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Figure 2.17

Absorbance spectra of a 1.17 µm AZ 1350J photoresist coated on quartz
and recorded before and after exposure [24].
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Figure 2.18

Absorbance spectrum of a 1.05 µm of AZ 2400 photoresist coated on
quartz and recorded before and after exposure [24].
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Figure 2.19

Resist coverage depending on the amount dispensed. (a)
Large amount of resist causes resist to flow on to the
backside (b) Uniform coverage (c) Insufficient resist.
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Figure 2.20

Static dispense method [6].

Figure 2.21

Dynamic dispense method [6].

Figure 2.22

Moving-arm dispense method [6].
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Low T weight loss
High T
weight loss

Figure 2.23

A typical thermogravimetric analysis (TVA) trace of a polymer resist that
has been spin-coated and not prebaked. The small weight loss at lowtemperature is due to solvent evaporation and the high temperature weight
loss is due to thermal decomposition [24].

Figure 2.24

A typical differential thermal analysis (DTA) trace of a polymer resist that
has been spin-coated and not prebaked [24].
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Figure 2.25

Schematic of proximity printing or contact printing using positive and
negative resist [24].
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Figure 2.26

Plot of exposing light intensity as a function of depth in a photoresist on a
reflecting substrate [24].

Figure 2.27

Electron micrographs of 1.2 µm lines in a positive photoresist exposed on
a reflective substrate and developed in standard photoresist developer [24].
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Figure 2.28

PAG structures [19].

91

Figure 2.29

Schematic of present and future optical lithography systems [24].
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Figure 2.30 (a)

Photoresist development problems [23].
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Figure 2.30 (b)

Picture showing overdeveloped features using AZ 1518 resist. The
actual develop time for an AZ 1518 is approximately 45 sec. The
above features were developed for 20 min that led to blurred edges.
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Figure 2.30 (c)

Picture showing underdeveloped features using the AZ 1518 resist.
The actual develop time for an AZ 1518 is approximately 45 sec. The
above features were developed for 25 seconds that led to dark edges.
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Figure 2.30 (d)

Picture showing perfectly developed features with sharp edges using
the AZ 1518 resist. The actual develop time for an AZ 1518 is
approximately 45 sec.
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Figure 2.31

Developer temperature and exposure relationship versus line-width change
[23].

Figure 2.32

Schematic showing spray development and rinse [23].
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Figure 2.33

Effect of ashing pattern quality [24].

Figur
e
2.34

The lift-off process [23].

98

Figure 2.35

Symmetrical flow pattern of a homogenous liquid on a rotating disk
showing flow rate, Q and velocity profile νr (z) [24].
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Figure 2.36

Resist film thickness as a function of speed (in RPM) for three different
molecular weights of the same polymer [24].

Figure 2.37

Resist film thickness versus spin speed for three solutions of different
concentrations [24].

100

Figure 2.38

Resist film thickness as a function of solution concentration at a constant
spinning speed (1000 RPM) [24].
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Figure 2.39

Resist film thickness as a function of polymer molecular weight at
constant spinning speed (1000 RPM) [24].

Figure 2.40

Chemical structures of the solvents [45].
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Figure 2.41

Spin curve for AZ 1518
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Figure 2.42

The wet bench at MCASP used for cleaning wafers. Shown on the left and
right hand corners are the ultrasonic baths.
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Figure 2.43

A Cee spinner with automatic syringe dispense system used at MCASP.
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DISPLAY
ACTION

CEE  100 SPINNER
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## RPM
END PROGRAM

CEE  100 SPINNER

Figure 2.44

Flowchart for spinner programming
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Figure 2.45

The Tencor P2 long scan profilometer used at MCASP for characterization
of resists.

AZ 1518 comparison chart

Thickness in Microns
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Figure 2.46
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Comparison chart for AZ 1518, showing thickness versus the series runs.
Each series has a set of similar parameters and the difference within a
series is attributed to temperature and humidity variations in the clean
room.
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Figure 2.47

Spin curve for AZ P4330 [46]

108

Figure 2.48

The Karl Suss MJB 3 mask aligner used in this work at MCASP.
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Figure 2.49

The Planar Etch IIA plasma system used at MCASP for ashing purposes.
AZ P4330 comparison chart
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Figure 2.50

Comparison chart for AZ P4330, showing thickness versus the series runs.
Each series has a set of similar parameters and the difference within a
series is attributed to temperature and humidity variations in the clean
room.
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Temperature, Humidity variation over a day
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Figure 2.51

Temperature and humidity variation in the clean room on a single day.
The optimal temperature is between 15  25°C maintained within ± 1°C.
The temperature variation later in the day exceeds the specifications.
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Table 2.1

Some common contaminant sources [17].

Table 2.2

Comparison of dispense methods [6].
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Table 2.4

Processing variables that affect lithographic performance [24].

CHAPTER III
STUDY OF AZ P4330 AND AZ 1518 RESISTS AS SiC PLASMA ETCH MASK

Introduction

Lithography steps precede a number of subtractive and additive processes.
Materials are either removed or added during a process, usually in a selective manner.
One of the most important subtractive processes is etching, which can be described as
pattern transfer by selective, chemical or physical removal of a material from a substrate,
often using a protective mask layer like metal, oxide or photoresist. The need for certain
process steps such as deep mesa isolation in power devices, formation of narrow trenches
in vertical MOSFETs, and exposure of gate contact regions in MESFETs and SITs,
requires good etching techniques in SiC. The absence of practical wet chemical etching
of SiC is the reason for the study of dry, plasma etching of SiC in this thesis. There is
also an interest in photoresist as an etch mask because it is easy to deposit, pattern and
remove. This fact makes photoresist a low cost etch mask, however its ability to mask
etching of materials with high bond strength like SiC is limited. Photoresist etches much
more rapidly than SiC, making it even more important for us to examine its selectivity
under various etching parameters. This thesis reviews the background of basic plasma
etching and later examines the results of etching SiC using a photoresist mask for various
etching recipes and chemistries. Table 3.1 lists some of the most important subtractive
processes in use [17]. Over the years there has been a considerable reduction
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in the minimum feature size of integrated circuit elements made possible by high
technology exposure tools and highly sensitive resist materials. For technology, nodes
less than 1µm, controllable transfer (etching) is difficult using the conventional liquid
etching techniques. Other problems associated with liquid etching are resist adhesion,
linewidth control, and waste disposal problems. As a result dry etching techniques have
been developed specifically plasma-assisted etch processes because of their advantages
discussed further in the chapter.
Chemical reactions taking place in plasmas have been studied for many years. In
the late 1960s it was suggested that an oxygen plasma could be used to remove
photoresist (also known as ashing, refer 2.3.1) [23]. Shortly thereafter, fluorinecontaining gasses were used in the glow discharge etching of silicon and silicon
containing films [23].

Dry Etching Basics

Definition
Dry etching is the removal or etching of solid material in the gas phase, physically
by ion bombardment, chemically by a chemical reaction with a reactive species at the
surface, or by both physical and chemical mechanisms. The typical reagents are CF4,
CHF3, and C4F8 for SiO2(s) and Si3N4(s), Cl2 for Al(s), HBr, Cl2, CF4, and CHF3 for Si(s)
and WSi(s) and O2 and H2O for organic materials such as photoresist or organic low k
materials. The generic reaction can be written as
S (s) + R (g) → P (g)
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where S is the solid (s) substrate to be etched, R are the gaseous (g) reactants and P is
gaseous by products.

Classification
Plasma assisted dry etching techniques can be categorized as glow discharge
techniques (diode set up) or ion-beam techniques (triode set up) depending on the setup.
In case of glow discharge techniques the plasma is generated in the same vacuum
chamber as the substrate, where as in ion-beam technique the plasma is generated in a
separate chamber from which ions are extracted and directed towards the substrate.
Figure 3.1 shows the various classifications of dry etching.
In sputter/ion etching and ion-beam etching, etching is a physical effect occurring
due to bombardment of energetic ions with target or the substrate material. In all the other
dry etching methods shown in figure 3.1, some kind of chemical reaction takes place.
Table 3.2 lists some of the common dry etching methods.

Etch Directionality
In selecting a dry etch process, the desired shape of the etch profile and the
selectivity plays an important role. If the projectile ion is randomly distributed over the
target surface, then the etch profile can be classified as isotropic, i.e. the material etch
rate in the perpendicular direction (Z axis) will approximately be equal to the rate across
the surface (X and Y axis). Figure 3.2 shows isotropic etching under a mask. An example
of isotropic etch is in photoresist mask ashing where oxygen atoms are the predominant
reactive species [19].
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However, if the etch rate is higher in the Z-direction than in the X, Y- direction,
then the etch profile obtained is anisotropic. This can happen due to the formation of a
plasma sheath and an induced voltage that reduces the isotropic ion velocity distribution.
Figure 3.3, shows an anisotropic etch profile where no etch occurred in the X, Ydirection but the profile is defined in the film in the vertical direction. Figure 3.3 is an
example of a 100% anisotropic etch profile, while figure 3.4 is less than 100%, showing
some etch profile in the horizontal direction also. The fraction of anisotropy is given by
dundercut/detch, which is 1 for isotropic etch and 0 for 100% anisotropic etch profiles [19].
For device feature sizes less than 0.25 um, close to 100% anisotropy is desired
which is achieved by means of the directionality of the projectile ions. The electric field
of the plasma sheath causes the projectile ions to have higher momentum in the Z-axis
direction than that in the X, Y-axis direction. In some cases, polymeric materials may
deposit on the vertical surface of the feature inhibiting etching in the X, Y-direction even
though the projectiles ions may have X-Y components.
In addition to the various chemical and ion assisted reactions, various physical
processes are possible, for example:
Si (s) + Ar+ (g) → Si (g) + Ar+ (g)
In the above sputter process the impacting Ar ions transfer enough momentum to break
Si-Si bonds and thus sputter atoms or small molecules into the gas phase [19].
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Definitions
Sidewall Deposition

Sidewall deposition occurs due to selective deposition on the wall owing to
reduced ionic bombardment at that location. Sputtered species from the material being
etched can also cause sidewall deposition, photoresist being an example. Figure 3.5 and
3.6 show each of the cases while figure 3.7 shows polymeric deposition on the underlayer
owing to too much radial flux or insufficient ion energy [19].
Selectivity

Selectivity (S) of an etch is defined as the ratio of etch rate of the film, to the etch
rate of a second film during the same etch process. The second film could be the mask
material, an underlayer material or another film within the stack. Figures 3.8 and 3.9
show the calculations of selectivities for film-to-mask (usually photoresist) and for filmto-substrate, respectively [19].
Uniformity

All etch properties, like etch rate, and selectivity, exhibit variations across a wafer
and from wafer to wafer in a lot. These non-uniformities should be minimized during the
design of the equipment, and process development stage. The most commonly measured
numbers for uniformity are in regards to etch rate, critical dimension, and selectivity [19].
Aspect Ratio

Aspect ratio is associated with etch rate. The Aspect Ratio Dependent Etch (or
ARDE) is shown in figure 3.10 and depends on solid angle dependent deposition fluxes
or ion fluxes and the presence of differential charging. RIE lag of profile depth is an
indication of the ARDE effect where narrower features generally etch more slowly than
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features that are wider, shown in figure 3.11 (a). A reverse RIE lag is also possible, which
is shown in figure 3.11 (b). The reverse RIE lag occurs due to ion reflection from the
profile walls and decreased polymer deposition (because of reduced solid angle) in
smaller features occur and the etching rate increases compared to wider features [19].
Different Profile Types

Figures 3.12 (a)  (j), shows the various profiles encountered in plasma etching.
Figure 3.12 (a), shows an isotropic etch profile discussed previously. Profile (b) occurs
when using photoresist as an etch mask. If excessive photoresist erosion occurs and the
feature opens up from the top or, if there is excessive polymer deposition during the
pattern definition step that causes the bottom of the feature to be smaller than that defined
in the photoresist. A tapered sidewall is easier to cover than a vertical wall, for example
in deposition methods such as resistive evaporation [17]. Profile (c) occurs if there is
differences in the lateral etch rates of the two films. Profile (d) shows bowing, which
occurs in high aspect ratio deep contacts where ion reflection from the mask can cause
erosion of the sidewall polymer passivation and subsequently lead to a small etch rate in
the lateral direction. Profile (e) is preferred for best CD control where metal fill
characteristics angles less than 90° are preferred. Profile (f) is the reentrant profile, which
occurs if the sidewall passivation reduces with depth and lateral etching becomes
prominent. Disadvantages of a reentrant profile are poor metal fill and voided dielectric
coverage. Profile (g) is called faceting can have negative impact for CDs such as for gate
hard mask or organic low k oxide mask if the facet reaches the mask/film interface.
Figure (h) and (i) are because of slow build of sidewall passivation or electron shading
respectively. Trenching, shown in figure (j), occurs within oxide contact films, into Si
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base layers in oxide etching or into the gate oxide in gate etching due to enhanced ion
flux [19].

Chemistry of Plasmas

Plasma etching consists of six steps shown in figure 3.13 [24]. These are:
1. Reactive species, like atoms, molecules, and ions must be generated by electron
molecule collisions. This step is very important for plasma etching because many
of the gasses used to etch thin film materials do not react spontaneously with the
film. For example, carbon tetrafluoride (CF4) does not etch silicon. However
when CF4 is disassociated to form fluorine atoms etching of silicon occurs
readily.
2. Etchant species diffuse to the surface of the material.
3. The material is adsorbed onto a surface site. It has been suggested by [23] that
free radicals have a large sticking coefficient compared with inert molecules such
as CF4, so adsorption occurs easily.
4. The free radicals react with the solid surface.
5. The product desorption during step 5 is very crucial for etch processes. A free
radical can react rapidly with the solid surface but unless the product species has
reasonable vapor pressure so that desorption occurs no etching takes place.
6. Surface diffusion of the adsorbed species or of the product molecule occurs
during step six.
There are two types of chemical reaction taking place in glow discharges:
Homogenous gas phase collisions and heterogeneous surface interactions.
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Homogenous gas phase collisions represent the manner in which reactive free
radicals, metastable species, and/or ions are generated. Table 3.3 shows the various
reactions due to electron impact. Due to the electronegative character of many of the etch
gases currently used, like O2, CF4, CHF3, CF3Cl, CCl4, BCl3, etc., electron attachment
takes place thereby generating both negative and positive ions in the plasma atmosphere.
Electron impact reaction takes place at a rate determined by the concentrations of both
electrons (ne) and a particular reactant (N) species [24].
R = kneN

(3.1)

The second type of chemical reaction is that which occurs between the various
heavy species generated by electron impact reactions, as well as between these species
and the unreacted gas-phase molecules. Steps 3 through 5 of figure 3.13 are examples of
heterogeneous surface interactions. In addition to the disassociation and ionization
processes, recombination and molecular rearrangements occur. The rate expression is
similar to equation (3.1) [24].
The primary processes of interest in plasma etching are summarized in table 3.4. UV
photons and X-rays present in the plasma are sufficiently energetic to break chemical
bonds, however electron and ion bombardment have been found to be most effective
method of promoting surface reactions [23].

Experiment and Results

Plasma etch characteristics of SiC with AZ 1518 as an etch mask were studied
using the facilities available at the Mississippi Center for Advanced Semiconductor
Prototyping (MCASP). The experiment was carried out on a 50 mm, 4H, n-type, Cree
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SiC wafer doped with nitrogen and having a 8º off axis orientation. The wafer (ASO31210) was diced into 9 pieces of 9mm x 9mm size and went through the following process:
1. An organic clean consisting of 1 min in boiling acetone, 1 min in acetone at room
temperature, 5 min in IPA and a DI rinse followed by 5 min of dehydration bake
at 200 °C.
2. The next step was spin coating, thicker AZ P4330 resist (refer to section 3.4.2 for
further details) for front side protection.
3. The coating process was followed by a hardbake at 130 °C for 5 min on a hotplate
in hard contact mode in order to harden the resist to withstand the cutting process
and protect the SiC surface.
4. The wafer was cut using standard procedure for wafer dicing.
5. Finally the samples were removed from the cutting tape and the photoresist was
stripped off them by an acetone soak.
The etching was done using the TCP 9400 LAM system, which is a single wafer,
low pressure, high-density plasma etcher for polysilicon processing (figure 3.14). The
entire experiment can be divided into 4 parts: Photolithography, Etching, Stripping, and
data analysis.
Photolithography: 5 samples were spin coated with AZ P4330 and the rest of the
samples with AZ 1518. The process description can be found in sections 3.3.1 and 3.3.2
for AZ 1518 and AZ P4330 respectively. After the photo process the samples were
hardbaked at 130 °C for 5 min to enable the resist to withstand the etching process. The
samples were profiled using a Tencor profilometer and pictures were taken before the
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etch process. The profile gives the original amount of resist, which is used to calculate
the selectivity and the pictures help in determining the surface morphology.

Picture detailing the features that were etched shown above, before the etch process.

Etching: The 9400 LAM is a planar or parallel plate reactor as shown in figure 3.15. In
this system the wafers lie on an electrode within the plasma causing them to be exposed
to energetic radiation and thus, both physical and chemical components are involved in
the etch process. The physical component adds directionality to the etch process. The
experiment results were tabulated to form an etch matrix. A summary of different recipes
used during the experiments is shown below:
Run

Pressure
(mTorr)

1
2
3
4
5

10
10
10
10
10

CHF3 & CF4
flow rate
(sccm) each
50
50

SF6 conc.

50
50
50

RF Power
(Watts)

Time (sec)

100
125
100
150
175

600
600
600
600
600

The matrix details the process parameters that were changed during etching and
the results obtained. The first four runs were carried out with the thicker AZ P4330 resist
and the next five runs were carried out with AZ 1518 resist. The samples were profiled to
obtain the thickness of the resist after etching which helps in determining the resist etch
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rate. SEM of the samples were taken to determine the effect of etching on surface
morphology.
During the first four runs the RF top and bottom power were not matching because
the chamber pressure was not stabilizing. This caused the value of the thickness measured
after the etch process to be greater than the initial amount of resist deposited. The
selectivity calculated was negative indicating deposition of plasma gas constituents.
These values have not been considered while analyzing the SiC etch rate, photoresist etch
rate and the selectivity for various etch recipes. The remaining experiments were carried
out after the problem was rectified and on graphite carriers which improved thermal
conductivity.
As can be seen from the etch matrix, on four of the remaining five runs the RF top
power was varied from 100 Watts to 175 Watts while keeping the pressure constant at 10
mTorr, its effect on selectivity, photoresist etch rate, SiC etch rate, and surface
morphology was studied. The figure below shows the variations of SiC etch rate,
photoresist etch rate and selectivity with respect to RF top power variation. As the RF top
power increases, both the photoresist etch rate and the SiC etch rate increase till 150
Watts after which they start to decrease.

125

600

500

Values

400

SiC Etch Rate (A/min)
PR Etch Rate (A/min)
Selectivity
RF Top (Watts)

300

200

100

0
100

125

150

175

RF Top (Watts)
Graph showing the variation in SiC etch rate, photoresist etch rate and selectivity with RF top power.

Fluorocarbon (CF) film formation plays an important role during plasma etching
in determining etch rates and selectivity. The film supplies the etch species to enhance
the reaction. However once the film grows to a certain thickness, it inhibits the ions from
reaching the surface and this reduces the etch rate. Selectivity was not affected by an
increase in the power. It was also observed that the surface morphology was clean and
smooth and was not affected by an increase in the power. At higher powers the plasma
did not turn on during the on-cycle because of recipe mismatch. This problem was
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overcome by introducing three additional steps to stabilize chamber pressure, gas flow,
and top and bottom RF power after every off-cycle.
For the final experiment the etch chemistry was changed from a mixture of CHF3
and CF4 to SF6. The result was a two-fold increase in the SiC etch rate and the photoresist
etch rate as compared to the earlier chemistry. This change in the chemistry affected the
surface morphology. The surface became very rough with noticeable swirl marks as can
be seen in figure 3.17 (b).
After etching, about 300 Å of a conducting material like gold or aluminum is
deposited in order for SEM images (Figures 3.16 (a) - (g)) to be possible due to the
insulating properties of resist. The SEM images show no over etching or undercut
problems. Figure 3.16 (a) and (d) show the etch profile of samples etched at a top
pressure of 175 and 150 Watts respectively using a mixture of CHF3 and CF4, the SEM
images show a slope or tapering profile which occurs if excessive photoresist erosion
occurs and the feature opens up from the top. Figure 3.16 (b) and (f) of the same sample
show a clean etch and a good pattern definition even on the edges. At high pressures, a
vertical etch profile is obtained as seen in figure 3.16 (g). Figures (c) and (e) for the same
sample show a smooth surface morphology not affected by an increase in power. Sample
7, etched at a top power of 150 Watts in CHF3 and CF4 chemistry shows a sputtered
sidewall deposition that comes from products that deposit selectively on the wall owing
to reduced ionic bombardment at that location (figure 3.16 (g)). Sputtered species from
the material being etched can also produce such profiles. Photoresist is a known
contributor for such depositions and the SEM provides the proof for it. The sidewall
slope for the sample etched with SF6, seen in figure 3.17 (a) is calculated to an
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approximate value of 37° in the etch direction (i.e., y-axis). This value was obtained by
making an approximation of 0.3 µ perpendicular to the etch direction and rounding the
etch depth obtained from profilometer reading for this sample to 0.4 µ. The slope then
was simply the tangent of the two sides.
Stripping: The next step involves the stripping of the metal using a buffered oxide
etch solution, followed by an acetone soak to strip the resist. This is followed by an
inspection to make sure that the metal and the resist have been stripped off completely.
To further remove any residual resist, the samples were treated to a low-pressure oxygen
plasma at 400W for 5 min (for details on ashing refer to section 3.3.1). The samples were
then profiled to determine the SiC etch rate and the selectivity. SEM images were taken
to determine the surface morphology. The samples were again treated with BOE to
remove any build up of oxide during the de-scum process and sent for final SEMs,
shown in figure 3.17(a)  (d). Sample 9, etched at a top power of 100 Watts and using
SF6 chemistry shows a good sloped etch profile (Figure 3.17 (a)). Figure 3.17 (b) of the
same sample shows the swirl marks and the rough surface morphology obtained on
changing the chemistry. Figure 3.17 (c) shows a vertical etch profile for the same sample
which is generally preferred for best CD control but sometimes angles less than 90º are
required for metal fill characteristics.
Data Analysis: Once the experiment is completed the data obtained is analyzed and
used to calculate the photoresist etch rate, SiC etch rate and selectivity. An example
calculation is shown below:
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Initial thickness with the resist = 1.7 um

(1)

Thickness after etching = 1.639 um

(2)

Thickness after stripping resist = 5144 Å

(3)

Amount of resist remaining after etching = (2)  (3) = 11246 Å

(4)

Amount of resist etched during the process = (1) - [(2)  (3)] = 5754 Å

(5)

Hence selectivity, S = (5)/(3) = 1.12
Etching time = 600 sec

(6)

∴ Photoresist etch rate = (5)/(6) = 575.4 Å / min

and SiC etch rate = (3)/(6) = 514.4 Å / min
The flow chart for the entire experiment is shown below. Each sample went
through the entire process before the data was analyzed. Table 3.5 is the etch matrix that
details the process parameters and shows the results.
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Table 3.1

Partial list of subtractive processes important in micromachining [17].
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Table 3.2

Table 3.3

Popular dry etching systems [17].

Examples of electron impact reaction [24].
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Table 3.4

Elementary processes at solid surfaces exposed to a glow discharge [24].
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ETCH MATRIX
SAMPLE NO.

1

2

3

4

5

6

7

8

9

Pressure (mTorr)

25

25

35

35

10

10

10

10

10

RF Top (Watts)

50

50

500

500

100

125

150

175

100

RF Bottom (Watts)

50

50

100

100

50

50

50

50

50

CHF3 (ccm)

10

10

30

10

50

50

50

50

50

50

50

50

CF4 (ccm)
SF6 (ccm)

40

He (ccm)

15

15

23

23

23

Time (min)

6 (ON: 2,
OFF: 5)

Photoresist

AZ P4330 AZ P4330 AZ P4330 AZ P4330 AZ 1518

23

23

23

23

6 (ON: 2, 10 (ON: 2, 6 (ON: 2, 10 (ON: 2, 10 (ON: 2, 10 (ON: 2, 10 (ON: 2, 10 (ON: 2,
OFF: 5)
OFF: 3)
OFF: 5)
OFF: 3) OFF: 3) OFF: 3)
OFF: 3) OFF: 3)
AZ 1518

AZ 1518

AZ 1518

AZ 1518

RESULTS
SiC Etch Rate (A/min)

136

211

350

13.5

151.9

169.3

207.78

188.36

375

PR Etch Rate (A/min)

N/A

N/A

761.3

N/A

393.2

438

567.58

554.22

842.2

Selectivity

-27.5

-6.65

2.17

-171.16

2.585

2.247

2.731

2.942

2.247

Good

Good

Good

Good

Rough

Blotch
Blotch
Very rough Extremely
Surface Morphology marks and marks and
and grainy
rough
rough
rough

Comments

-3735
-8432
Å/min (D), Å/min (D),
resist
resist
burned
burned

Table 3.5

-13864
Å/min (D),
Aborted

Surface
Actual
etch time: better than
8
559 sec

Etch matrix showing the various parameters of the experiment and their
result.

Swirl
marks
observed
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Figure 3.1

Relationship between various dry etch techniques [17].
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Figure 3.2

Isotropic etch profile [19].

Figure 3.3

Anisotropic etch profile [19].

Figure 3.4

Undercut profile [19].
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Figure 3.5

Sidewall deposition [19].

Figure 3.6

Sputtered sidewall [19].

Figure 3.7

Etch residue [19].
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Figure 3.8

Selectivity calculation for mask [19].

Figure 3.9

Underlayer selectivity and mask selectivity calculations [19].
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Figure 3.10

Aspect-ratio dependent etch rate (ARDE) [19].

Figure 3.11

Reactive ion etch (RIE) lag: (a) normal; and (b) inverse [19].
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Figure 3.12

Various profile descriptions common in plasma etching [19].
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Figure 3.13

The different primary processes occurring in a plasma etch process [24].

Figure 3.14

The LAM 9400 at the MS. Center for Advanced Semiconductor
Prototyping (MCASP).
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Figure 3.15

Figure 3.16 (a)

Parallel plate configuration for plasma etch reactor [24].

SEM image taken at a magnification of approximately 2K after an
etch process and before stripping resist. The sample number is 8,
refer table 3.5 for the etch recipe.
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Figure 3.16 (b)

SEM image taken at a magnification of approximately 230 after an
etch process and before stripping resist. The sample number is 8,
refer table 3.5 for the etch recipe.

Figure 3.16 (c)

SEM image taken at a magnification of approximately 330 after an
etch process and before stripping resist. The sample number is 8,
refer table 3.5 for the recipe.
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Figure 3.16 (d)

Figure 3.16 (e)

SEM image taken at a magnification of approximately 4K
after an etch process and before stripping resist. The sample
number is 7, refer table 3.5 for the recipe.

SEM image taken at a magnification of approximately 273 after an
etch process and before stripping resist. The sample number is 7,
refer table 3.5 for the recipe.
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Figure 3.16 (f)

SEM image taken at a magnification of approximately 1.5K after
an etch process and before stripping resist. The sample number is
7, refer table 3.5 for the recipe.

Figure 3.16 (g)

SEM image taken at a magnification of approximately 6K after an
etch process and before stripping resist. The sample number is 7,
refer table 3.5 for the recipe.
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Figure 3.17 (a)

Final SEM image of sample 9, refer to table 4.5 for the etch recipe.
The picture was taken at a magnification of 22K.

Figure 3.17 (b)

Final SEM image of sample 9, refer to table 3.5 for the etch recipe.
The picture was taken at a magnification of 767. The swirl marks
mentioned can easily be observed in the background.
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Figure 3.17 (c)

Final SEM image of sample 9, refer to table 3.5 for the etch recipe.
The picture was taken at a magnification of 23K and shows a
vertical etch profile.
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